Collection of papers on hydrogeology by Foster, S. S.D.
Collection of Papers on Hydrogeology
S.S.D. Foster
Ph.D.
Royal Holloway and Bedford New College
ProQuest Number: 10107335
A ll  rights reserved
INF0RMATION TO ALL USERS 
The qu a lity  of th is  reproduction is dependent upon the qu a lity  of the copy submitted.
In the un like ly  event that the author did not send a complete manuscript 
and there are missing pages, these w i l l  be noted. Also, i f  m aterial had to be removed
a note w i l l  indicate the deletion.
uest.
ProQuest 10107335
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
A ll  rights reserved.
This work is protected against unauthorized copying under T i t le  17, United States Code
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, MI 48106-1346
s s D FOSTER
B Sc C Eng MICE MIGeol AIL FIWES
COLLEGE
LIBRARY
D Sc THESIS 
UNIVERSITY OF LONDON
Faculty:  Sc i ence
Department: Geology
S u b jec t:  Hydrogeology
June 1982
'we see  a sc ien ce  (hydrogeology) emerging from 
i t s  g e o lo g ic a l  r o o ts  and e a r ly  h ydrau lic  app lica tions^  
becoming o f  g r e a te r  importance in the a f f a i r s  o f  man '
A l l an  Freeze  & John Che r r y ,  1979 
' Gr oundwat e r '  ( P r e n t i c e - H a l l ) ,  p r e f a c e
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A C A D E M I C  & P R O F E S S I O N A L  Q U A L I F I C A T I O N S
1965 B Sc Honours (Upper Second Cl as s )
Geology (wi th  P h y s i c s ,  Chemis t ry  & Mathemat ics )  
U n i v e r s i t y  o f  London ( Ki ng ' s  Co l l ege )
1973 Ch a r t e r ed  Engi neer
Member o f  I n s t i t u t i o n  o f  C i v i l  Eng i neer s  (London) 
( S p e c i a l i s t  C a t e g o r i e s :  Hydrology S Ge o t echn i c s )
1973 Member/Fel low o f  I n s t i t u t i o n  o f  Water  
1979 Eng i neer s  & S c i e n t i s t s  (London)
1979 Member o f  I n s t i t u t i o n  o f  G e o l o g i s t s  (London)
1981 A s s o c i a t e  o f  I n s t i t u t e  o f  L i n g u i s t s  (London) 
(Ca t egor y :  E n g l i s h - S p a n i s h )
PROFESSIONAL AWARDS
1974 Whi t aker  Medal ( p r e s e n t e d  Apr i l  1975)
I n s t i t u t i o n  o f  Water  Engi neer s  S S c i e n t i s t s  
f o r  o u t s t a n d i n g  paper  on a p p l i c a t i o n  
o f  g e o l o g i c a l  s c i e n c e  t o  w a t e r  e n g i n e e r i n g
1977 R A Car r  Premium ( p r e s e n t e d  November 1978) 
I n s t i t u t i o n  o f  C i v i l  Eng i neer s  (London) 
f o r  p r a i s e wo r t h y  pape r  on groundwa te r  
e n g i n e e r i n g
R E CE NT P R O F E S S I O N A L  A C T I V I T I E S
1977- Research Leader  o f
1982 Groundwater  Flow & P o l l u t i o n  Se c t i o n
I n s t i t u t e  o f  Geol og ica l  Sc i enc e s  (Hydrogeology Unit!
1975" Subcommi t t ee/Working Group Member f o r
1982 OoE S t a nd i ng  Techn i ca l  Advi sory  Commit tee 
on Water  Q u a l i t y
1980- Shor t -Term C o n s u l t a n t  on Groundwater  P o l l u t i o n  to
1982 WHO— I n t e r n a t i o n a l  Re f e rence  Ce n t r e  f o r
Wastes  Di sposal  ( Zur i ch)  and 
WHO— Pan-American He a l t h  O r g a n i s a t i o n  (Lima)
1975" V i s i t i n g  Advi sor  to
1982 a) Cos t a  R i c a / S e r v i c i o  Nacional  de Aguas 
b) Bo t s wa na / Mi n i s t r y  o f  Mineral  Resources  
S Water  Af f a i  r s  on
L a r g e - S c a l e  Groundwater  Supply Development
1981 V i s i t i n g  L e c t u r e r  a t
U n i v e r s idad Autonoma de Madrid 
I n t e r n a t i o n a l  Gradua te  P o s t - E x p e r i e n c e  Course 
on Study o f  Groundwater  Chemis t ry  6 P o l l u t i o n
1979 S p e c i a l i s t  As s e s s o r  (Hydrogeology)  a t  
DoE P u b l i c  I nqu i r y  on STWA Sh r o p s h i r e  
Groundwater  Scheme
1976- Manager o f
1977 Anglo-Botswana GSIO P r o j e c t :
Ev a l u a t i o n  o f  Underground Water  Resources
1976 C o - o r d i n a t o r  o f
ODM Miss ion to  Sr i  Lanka on 
Economics o f  Groundwater  Resource  
Use in A g r i c u l t u r a l  Development
BACKGROUND TO P U B L I S H E D  WORK
The p u b l i s h e d  work i s  p r e s e n t e d  as e v i de nc e  o f  a u t h o r a t i v e  
s t a n d i ng  in t he  f i e l d  o f  hydr ogeo l ogy ,  e s p e c i a l l y  in r e l a t i o n  
to the  B r i t i s h  Chalk ( t he  p r i n c i p a l  n a t i o n a l  a q u i f e r )  and to  
gr oundwate r  p o l l u t i o n .
The s c i e n t i f i c  p u b l i c a t i o n s  l i s t e d  below,  which c o l l e c t i v e l y  
c o n s t i t u t e  t h i s  t h e s i s ,  have been i n d i v i d u a l l y  c l a s s i f i e d  
on t h r e e  s e p a r a t e  c r i t e r i a :
(a) Type o f  P u b lica tio n
W submi ss ion  s u b j e c t  to normal g u i d e l i n e s  and r e f e r e e i n g  
X i n v i t e d  c o n t r i b u t i o n  to c o n f e r e n c e  p r o c e e d i n g s  o r  j o u r n a  
Y p u b l i c a t i o n  agreed  and promoted by IGS d i r e c t o r a t e  
Z d i s c u s s i o n  c o n t r i b u t i o n  to c on f e r e n c e  o r  j o u r n a l
(b) S ta tu s  o f  Authorship  
a s o l e  a u t h o r
b c o - a u t h o r  w i t h  c o l l e a g u e s  working under  my
d i r e c t  s u p e r v i s i o n ,  f i r s t  a u t h o r s h i p  when a l s o  
w r i t i n g  paper  concerned
c^ c o - a u t h o r  wi t h  o t h e r  c o l l e a g u e s
d^ c o - a u t h o r  wi t h  groundwate r  s p e c i a l i s t s  from
o t h e r  o r g a n i s a t i o n s  _  _______
e"** c o - a u t h o r  wi t h  p r o f e s s i o n a l s  from o t h e r  
o r g a n i s a t i o n s  o f  d i f f e r e n t  d i s c i p l i n e s
+ f i r s t  a u t h o r s h i p  i n d i c a t e s  l e a d e r s h i p  in
c o r r e s p o n d i n g  r e s e a r c h  a n d / o r  in w r i t i n g  paper
(c) Topic o f  Research
A gr oundwate r  and p o l l u t a n t  movement in the  
u n s a t u r a t e d  zone
B groundwate r  and p o l l u t a n t  movement in
the  s a t u r a t e d  zone,  e s p e c i a l l y  o f  f i s s u r e d  
porous  a q u i f e r s
C groundwate r  p o l l u t i o n  i n v e s t i g a t i o n
D gr oundwate r  r e s o u r c e s  e v a l u a t i o n
E g e o t e c h n i c a l  g r oundwate r  problems
* i d e n t i f i e s  t hose  p u b l i c a t i o n s  which r e l a t e  in 
some way o r  o t h e r  t o  groundwate r  in t he  B r i t i s h  
Chalk,  a l o n g - s t a n d i n g  r e s e a r c h  i n t e r e s t
In a d d i t i o n  to  the  p u b l i c a t i o n s  l i s t e d ,  a s i g n i f i c a n t  
r o l e  was p l ayed  in w r i t i n g  some anonymous p u b l i c a t i o n s ,  
whose s i z e  p r e v e n t s  p r e s e n t a t i o n  h e r e ,  i n c l u d i n g :
GLC Thames Fl ood P r e v e n t i o n  P r o j e c t  
l s t / 2 n d  Repor t  o f  S t u d i e s  (1969/1971)
WHO— I n t e r n a t i o n a l  Re f e rence  Ce n t r e  f o r  Wastes Disposa 
Manuals on Groundwater  P o l l u t i o n  S On- S i t e  S a n i t a t i o n  
( i n  p r e s s )
L I S T  OF P U B L I S H E D  WORK
( 1  )  F o s t e r  S S D, Cr i pps  A C S  Smi t h - Ca r i ng t on  A K
N i t r a t e  l e a c h i n g  to  g r oundwate r  
1982 Phi l  Trans  Royal Soc London 296 : 477-489 & 574 X b A:
RSL Symposium 'The Ni t r oge n  Cyc l e '  (London,  1981)
175-187 & 272
(2)—  F a r r  J L, Spray P R & F o s t e r  S S D 
Groundwater  s upp l y  e x p l o r a t i o n  in s e m i - a r i d
1982 r eg i o n s  f o r  l i v e s t o c k  e x t e n s i o n  - a t e c h n i c a l  W b D
and economic a p p r a i s a l  
Water  Supply & Management 6 : 3 4 - 3 - 3 5 3
( 3)  F o s t e r  S S D, Bath A H, Fa r r  J L 6 Lewis W J
The l i k e l i h o o d  o f  a c t i v e  groundwate r  r ec h a r g e  in 
t he  Botswana Ka l ahar i  W b A
J Hydrol  55 : 113-136
1982
(4)—  F o s t e r  S S D 6 Bath A H
The d i s t r i b u t i o n  o f  a g r i c u l t u r a l  s o i l  l e a c h a t e s  
1982 in t he  u n s a t u r a t e d  zone o f  t he  B r i t i s h  Chalk ^ ^
I AH Symposium ' I mpac t  o f  A g r i c u l t u r a l  A c t i v i t i e s  
on Groundwater '  ( Prague ,  1982) ( i n  p r e s s )
is )   F o s t e r  S S D, Mackie C D S  Townend P
E x p l o r a t i o n ,  e v a l u a t i o n  and development  o f  
1982 l a r g e - s c a l e  g r oundwa t e r  s u p p l i e s  in t he  W e D
Botswana Ka l ahar i
Proc I n s t  C i v i l  Engrs I ( in p r e s s )
( 6  )----  Oakes D B, Young C P 6 F o s t e r  S S D
The e f f e c t  o f  farming p r a c t i c e s  on groundwate r  
q u a l i t y  in t he  Uni t ed  Kingdom 
1981 RvD Symposium ' Q u a l i t y  o f  Groundwater '  X d C*
( No o r d w i j k e r h o u t , I 9 8 I)
S t u d i e s  Envi ron Sc i enc e  W7 : 27-40 
Sc i enc e  Tot a l  Envi ron 21 : 17-30
(7  )----  Lewis W J ,  F o s t e r  S S D, Read G H 6 S c h e r t e n l e i b  R
The need f o r  an i n t e g r a t e d  approach  to wa t e r  
s upp l y  and s a n i t a t i o n  in d e v e l o p i n g  c o u n t r i e s  
1981 RvD Symposium ' Q u a l i t y  o f  Groundwater '  X e C
( N o o r d w i j k e r h o u t , 1981)
S t u d i e s  Envi ron Sc i enc e  17 : 199-205 
Sc i ence  Tota l  Envi ron 21 : 53-59
( 8  )----- Barker  J A 6 F o s t e r  S S D
A d i f f u s i o n  exchange model f o r  s o l u t e  movement 
1981 ; n f i s s u r e d  porous  rock ^  ^ ^ '
Quar t  J Eng Geol 14 : 17-24
( 9  )---- - F o s t e r  S S D & Smi t h - Ca r i ng t on  A K
The i n t e r p r e t a t i o n  o f  t r i t i u m  in the Chalk 
1980 u n s a t u r a t e d  zone W b A-
J Hydrol 46 : 343-364
(10)-----  Lewis W J ,  F a r r  J L S F o s t e r  S S D
The p o l l u t i o n  hazar d  t o  v i l l a g e  wa t e r  s u p p l i e s  
^9 0 in e a s t e r n  Botswana W b C
Proc I n s t  C i v i l  Engrs II : 69 : 281-293
( 11 )-----  F o s t e r  S S D
ICE Confe rence  ' Water  Resources  - a Changing
S t r a t e g y '  (London,  1979)
(a) Combined use  o f  s u r f a c e  and gr oundwa te r
1980 r e s o u r c e s / R e g i o n a l  g r oundwa t e r  deve lopment  Z a D
in t empe r a t e  and a r i d  zones  : 95**96
(b) Improving the  h e a l t h  c ons equences  o f  Z a C
t r o p i c a l  w a t e r  r e s o u r c e  deve lopment  : 196-197
F o s t e r  S S D S Young C P
Consequences  de l ' u t i l i s a t i o n  a g r i c o l e  des s o l s  
s u r  l e s  q u a l i t é  de l ' e a u  s o u t e r r a i n e  e t  notamment 
s u r  l a  t e n e u r  en n i t r a t e  
B u l 1 BRGM (2:  I I I )  3 : 245-256 
( Hydrogéol ogi e  b r i t t a n i q u e  - p r o g r è s  r é c e n t s )
Groundwater  c o n t a mi n a t i o n  due t o  a g r i c u l t u r a l  X d C*
1980 l an d - u s e  p r a c t i c e s  in t he  Uni t ed  Kingdom 
UNESCO-IHP S t u d i e s  S Repor t s  in Hydrology S e r i e s  
' A q u i f e r  Con t ami na t i on  6 P r o t e c t i o n '  30 : 268-282 
E f f e c t s  o f  a g r i c u l t u r a l  l a n d - u s e  on g r oundwa t e r
1981 q u a l i t y  wi t h  s p e c i a l  r e f e r e n c e  t o  n i t r a t e  
Royal Soc London 'A su rvey  o f  B r i t i s h  
Hydrogeology '  : 47-59
F o s t e r  S S D 6 Cr i pps  A C 
ICE Symposium 'Thames B a r r i e r  Des i gn '
(London,  1977) : 62-64 Z b E
Thames B a r r i e r  - s i t e  i n v e s t i g a t i o n  and 
g e o t e c h n i c a l  c o n s i d e r a t i o n s
( l 4 ) -----  F o s t e r  S S D
ICE Symposium 'Thames Groundwater  Scheme'
' 978 ( Reading,  1978) : 91-94 Z a B*
C h a r a c t e r i s t i c s  and y i e l d  o f  f i s s u r e d  Chalk
F o s t e r  S S D S P r i c e  M
B r i t i s h  examples  o f  a h y d r o g e o l o g i ca l  approach  
t o  t he  e v a l u a t i o n  o f  d r a i n a g e  problems in X c E
s u b s u r f a c e  e n g i n e e r i n g
SIAMOS 'Water  in Mining 6 Underground Works'
(Granada,  1978) I : 409-428
(16)------  F o s t e r  S S D S Rober t son  A S
, E v a l u a t i o n  o f  a s e m i - c o n f i n e d  Chalk a q u i f e r  ,, ,
' 977 in Ea s t  Angl i a  “  "
Proc I n s t  C i v i l  Engrs II : 63 : 803-817
P r i c e  M, Rober t son  A S & F o s t e r  S S D 
Chalk p e r m a b i l i t y  -  a s t udy  o f  v e r t i c a l
v a r i a t i o n  us ing  w a t e r  i n j e c t i o n  t e s t s  and W b B*
bo r e h o l e  f low logging  
Water  S e r v i c e s  8l : 603-610
(18 )----- F o s t e r  S S D, S t i r l i n g  W G N & P a t e r s o n  I B
1976 Groundwater  S t o r a g e  in F i f e  and Ki nross  -  Y e D
i t s  p o t e n t i a l  as  a r e g i ona l  r e s o u r c e  
IGS Repor t  S e r i e s  76/9 : 21pp
(19  )-----  F o s t e r  S S D
1976 Proc I n s t  C i v i l  Engrs II : 6l  : 849-850 Z a B
A numer i ca l  model f o r  pumping t e s t  a n a l y s i s
(20  )-----  F o s t e r  S S D & Mi l t on  V A
Hydr o l og i c a l  b a s i s  f o r  the  l a r g e - s c a l e  development  
, 07 / o f  gr oundwa te r  s t o r a g e  c a p a c i t y  in the  Eas t  _ , n,
' 9 / ' ’ Yo r ks h i r e  Chalk
IGS Repor t  S e r i e s  76/3 : 71pp
( 21)—  F o s t e r  S S D, P a r r y  E L S  C h i l t o n  P J 
Groundwater  r e s o u r c e s  development  and s a l i n e  wa t e r
1976 i n t r u s i o n  in the  Chalk a q u i f e r  o f  Nor th Humberside Y b D*
IGS Repor t  S e r i e s  76/4 : 34pp
( 22  )----- F o s t e r  S S D
The v u l n e r a b i l i t y  o f  B r i t i s h  groundwater  r e s o u r c e s  
• 07/ t o  p o l l u t i o n  by a g r i c u l t u r a l  l e a c h a t e s  _ p...
ADAS-ARC Confe rence  ' A g r i c u l t u r e  6 Water  Q u a l i t y '  ^ 
(Not t i ngham,  1974) MAFF Tech Bul l  32 : 68-91
( 23)—— P r i c e  M, Bi rd M J & F o s t e r  S S D
1976 Chalk p o r e - s i z e  measurements  and t h e i r  ^  ^
s i g n i  f i c a n c e
Water  S e r v i c e s  80 : 596-600
( 24  )----- F o s t e r  S S D
IWES Symposium ' Main t enance  o f  Water  Qual i t y*  7 _
(Cambr idge,  1975) : 40 ^
P r o t e c t i v e  measures  f o r  groundwate r  r e s o u r c e s
(25)—— F o s t e r  S S D
i qyr  The Chalk gr oundwate r  t r i t i u m  anomaly - a 
p o s s i b l e  e x p l a n a t i o n  
J Hydrol  25 : 159-163
W
(2 6  )----- F o s t e r  S S D S Crease  R I
107c Hyd r a u l i c  b e ha v i ou r  o f  t he  Chalk a q u i f e r  in the  _
Yor ks h i r e  Wolds
Proc  I n s t  Engrs II : 59 : I 8 I - I 88
(2 7  )-----  F o s t e r  S S D
Quar t  J Eng Geol 8 ; 125 
1975 Rapid groundwate r  f low in f i s s u r e s  in the  Chalk:  Z a B*
an example from south  Hampshire
( 28)——  F o s t e r  S S D
ICE-IHD-IH Conference  ' En g i n e e r i n g  Hydrology Today'
1975 (London,  1975) 128-129 Z a D
Groundwater  y i e l d  e s t i m a t i o n  from models
(29 )----- F o s t e r  S S D & Crease  R I
N i t r a t e  p o l l u t i o n  o f  Chalk groundwa te r  in Eas t  
1974 Yor ks h i r e  - a h y d r o g e o l o g i c a l  a p p r a i s a l  W e C*
J I n s t  Water  Engrs 28 : 178-194 
WRA Conference  ' Groundwater  P o l l u t i o n  in Europe '
(Reading,  1972) WIC : 269-274
(30  )-----  F o s t e r  S S D
iQ7li Groundwater  s t o r a g e  - r i v e r f l o w  r e l a t i o n s  in a
Chalk ca t chment  ^
J Hydrol  23 : 299-311
( 31)—  F o s t e r  S S D & Mi l t on  V A
iQ7ij The p e r m e a b i l i t y  and s t o r a g e  o f  an unconf i ned  _ .
Chalk a q u i f e r
lAHS Hydrol  Sci Bull  19 : 485-500
(32  )-----  P r i c e  M & F o s t e r  S S D
1Q7I4 Water  s u p p l i e s  from U l s t e r  v a l l e y  g r a v e l s  u K n
Proc  I n s t  C i v i l  Engrs II : 57 : 451-456
(33)— — F o s t e r  S S D & P r i c e  M
Ground Water  12 : 49 Z b B
Hy d r a u l i c s  o f  s h e e t l i k e  s o l u t i o n  c a v i t i e s
(34)—  F o s t e r  S S D & Lovelock P E R
WRA Confe rence  ' Groundwater  P o l l u t i o n  in Europe '  
(Reading,  1972) WIC : 67-68
Hydr ogeo log i ca l  f a c t o r s  in groundwa te r  p o l l u t i o n
1974
( 35)  Gray D A 6 F o s t e r  S S D
Urban i n f l u e n c e s  upon gr oundwate r  c o n d i t i o n s  in 
the  Thames Flood P l a i n  De pos i t s  o f  Cen t r a l  London 
RSL Symposium ' Problems  a s s o c i a t e d  wi t h  s u b s i d e n c e  
o f  s o u t h e a s t e r n  England '  (London,  1971)
Phi l  Trans  Royal Soc London A : 272 : 245-257
1 9 7 2
( 36)  F o s t e r  S S D
ICE Confe rence  'Groundwater  E n g i n e e r i n g '  (London,
1970) : 105-106
Cont rol  o f  g r oundwate r  by w a t e r  l ower ing
( 1)
B# RM
i
^ P 9
M ^ é
The Royal Society o£ London
T H E  N IT R O G E N  CYCLE
Nitrogen has a fundamental effect on our lives. It is a 
comrxment of all living cells: of amino acids and 
nucleic acid bases. Substantial amounts of chemi­
cally fixed nitrogen are essential for crop produc­
tivity; nitrogen affects our food supplies and our 
balance of payments. Nitrogenous comfHuinds may 
also be pollutants. Environmentalists and water- 
supply engineers are concerned about increasing 
nitrate concentrations in many waters of the United 
Kingdom, there is evidence that nitrate-derived 
products are ptnential health hazards, and there is 
controversy as to whether the losses of gaseous 
products of nitrogen Irom the Earth's surface affect 
the ozone layer, which shields the Earth from 
harmful ultraviolet irradiation. I'hesc and other 
aspects arc considered in the papers ol this volume, 
which were presented at a two-day Discussion 
Meeting of the Royal SiK'iety in June 1981. 
Collectively they provide an up-to-date account of 
various aspects of the nitrogen cycle of the United 
Kingdom both in a local and international context. 
They will be of value to workers in agriculture, 
forestry, the environment, the water industry, 
marine biology, ecology, microbiology and bio- 
chemistrv.
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Punted in Great Britain
Nitrate leaching to groundwater
By s .  s .  I). F o s t e r ,  A. C.  C r i p p s  a n d  A m a n d a  S m i t h - C a r i n g t o n  
Institute o f Geological Sciences, Hydrogeology Unit, Wallingford, Oxon. O.VlO HBB, U .K.
G ro u n d w a te r  provides over 3 0 %  o f  developed supplies o f  po tab le  w ater  in Britain. 
Fhe outcrops o f  the im p o r tan t  aquifers form extensive tracts o f  agricu ltu ra l land. 
G ro u n d w a te r  resources largely orig inate  as rainfall th a t  infiltrates this land. D uring  
the 1970s, growing concern  abou t rising, o r  elevated, g ro u n d w a te r  n itra te  concen­
trations, in relation to cu rren t d r ink ing  w ater  s tandards,  stim ulated  a m ajor national 
research effort on the extent o f  diffuse pollution resulting from agricu ltu ra l land-use 
practices.
Fhe results presented derive from intensive and  continu ing  studies o f  a nu m b er  of 
small g ro u n d w a te r  ca tchm ents  in eastern E ngland . It is in this p redom inan tly  arable  
region tha t  the g ro u n d w a te r  n itra te  problem  is most widespread and  severe. T h e  
dis tr ibution o f  n itra te  in the unsa tu ra ted  and  sa tu ra ted  zones o f  the aquifers 
concerned issum m arized . These d a ta  have  im p o r tan t  implications for the w ater-supply 
industry, bu t the ir  in te rp re ta tion  is discussed prim arily  in relation to w hat can be 
deduced  alx)ut both the recent and  long-term histories o f  leaching from the more 
perm eable  agricu ltu ra l  soils.
I n t r o d u c t i o n  
Occurrence and significance o f  groundwater resources
In Britain, g ro u n d w a te r  abstrac tion , p redom inan tly  for po tab le  water-supply , averages abou t 
70(K) Ml d “ *, o f  which some 50%  is from the Cretaceous Chalk , 35%  from the Triassic 
Sandstone and  the rem ainder  from sm aller aquifers, notab ly  the Ju rassic  Limestone and  the 
Cretaceous Lower G rccnsand . T h e  m ain  aquifer outcrops (figure 1) form extensive areas of 
va luable  fa rm land  in eastern, central and  southern  E ngland . G ro u n d w a te r  resources, which 
largely orig inate  in these areas as infiltrating excess rainfall are, and  always have been, directly 
vu lnerab le  to diffuse pollution by agricu ltu ra l practices.
O v e r  m uch o f  the aquifer ou tc rop  areas (the unconfined aquifers), the g ro u n d w a te r  table, 
even a t  its highest seasonal level, is below 10  m dep th  and  qu ite  widely exceeds 2 0  m depth . 
Rainfall infiltrating below the dep th  o f  influence o f  p lan t roots will pass vertically dow nw ard  
through  the aera ted  (or u n sa tu ra ted )  zone before recharg ing  the m ain  g ro u n d w a te r  body (or 
sa tu ra ted  zone). Such recharge  then becomes incorpora ted  in the lateral flow of the regional 
g ro u n d w a te r  system and , if not abstrac ted  for water-supply, will eventually  discharge to form 
the baseflow o f  streams and  rivers. In eastern and  central England the m ajor aquifers are 
extensively covered by a variable  suite o f  Pleistocene glacial (drift) deposits (figure 1), which 
to vary ing  degrees confine g roundw ate r ,  reduce recharge rates from infiltrating rainfall and 
thus form the semi-confined aquifers.
A lthough a fraction o f  the g ro u n d w a te r  and  dissolved salts in na tu ra l  circulation may be 
d ischarged in the same year tha t  they originated as infiltration from agricultural soils, it must 
be stressed that g ro u n d w a te r  residence times for British aquifers will m ore often exceed 1 0 , or 
even 2 0 , years (Foster & Crease 1 9 7 4 ; Foster 1 9 7 6 ). At considerable depth  below the
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groundwater table and in the deeper confined aquifers, circulation may be exceedingly slow 
and, in certain areas, groundwater has been dated back to at least 10  ka b .p .  Thus groundwater 
systems are quite different from surface watercourses in that the effects o f pollution incidents 
becom e apparent much more slowly in water supplies but persist much longer.
N orth Sea
Chalk
m ainly outcrop  
largely covered by 
thick drift
Triassic Sandstone
m ainly outcrop  
largely covered by
Londonthick drift 
■  main research catchm ents
•  com parative investigation 
sites
100 km
F ic v r e  1. D istribution  o f m ajor British aquifers.
The main British aquifers are all o f the porous bedrock type, in which discontinuities (fissures) 
have a varying, but often overriding, influence on overall groundwater, solute and pollutant 
m ovem ent, but in which the pore water o f the rock matrix will often play an important role 
in retarding the m ovem ent o f  solutes and pollutants.
Approach and scope o f  the paper
Am ong the substances added to, an d /or  generated by, agricultural soils, nitrates are most 
prominent, since they arc very soluble, readily leached, and represent a health hazard at a 
relatively low concentration in water supplies.
Discussion o f nitrate leaching to groundwater will be limited to that from agricultural soils, 
although it should be noted that nitrate may also be leached from most unsewered sanitation  
units, certain sewage disposal and wastc-water reclamation processes and from farmyard 
livestock cfllucnts during their handling, storage and disposal. Such leaching, however, is more 
o f local than regional significance, at least in the British context.
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T he results presented derive exclusively from a continuing LG.S. research project, which 
began in 1975. It is being executed primarily through the detailed long-term study o f four small 
groundwater catchm ents (figure 1) to public water-supply boreholes experiencing a significant, 
and growing, nitrate problem. T he research is part o f a coordinated programme in which the 
Water Research Centre and the Regional W ater Authorities are also involved. The results to 
date have important practical im plications for the water-supply industry, which have received 
interim review elsewhere (Foster & Young 1 9 7 9 , 1 9 8 1 ; Oakes et al. 1 9 8 1 ). However, some 
significant aspects o f their interpretation still await clarification through further long-term  
fieldwork.
In this paper, however, the results are discussed primarily in relation to what can be deduced  
alxjut Ixjth the recent and long-term histories o f  nitrate leaching from agricultural soils. 
Reliable estimates o f leaching losses from the permeable soils, which occur on most aquifer 
outcrops, are difficult and costly to determine by agricultural field experiments. At the same 
time they are likely, other factors being equal, to be greater than those from lower-permeability  
less-aerated soils, where dénitrification losses will be more significant.
Since the aquifer outcrop areas occur m ainly in the drier parts o f England and their associated 
soils are well drained, most o f  the land area involved is used for arable farming. There is a 
corrrs|K>nding bias in this paper. I n eastern England the widespread ploughing-up o f permanent 
pasture is believed to have taken place in the nineteenth century and had certainly affected 
more than 89%  o f the research catchm ents before 1935. Elsewhere the conversion o f pasture 
to arable land has continued to be a marked feature o f British agriculture during this century.
. \ P P R A I S A I .  O F  T H F- R E C E N T  H I S T O R Y  O F  L E A C H I N G  L O S S E S
If they could be interpreted confidently, vertical profiles o f  the distribution o f  nitrate in the 
unsaturated zone form a potentially powerful method o f evaluating the recent history o f  
leaching losses from permeable agricultural soils subjected to different cropping régimes and 
fertilizer applications.
11 is only feasible to sample the pore water o f the unsaturated zone. T he methixls o f sampling 
and analysis for nitrate (and the other frequent determinands) have been described elsewhere 
(Foster & Young 1 9 7 9 , 1 9 8 1 ). Am ong unsaturated zone pore-water profiles from British 
aquifers, those from the Chalk offer the best possibility o f detailed interpretation, because o f  
this formation’s greater overall areal uniformity in hydraulic properties on the small scale. They  
have been shown to be related to the history o f agricultural practice on the overlying land, 
and arc alone discussed further in this section.
Profiles from  pasture land
Profiles from unfertilized and fertilized permanent grassland (e.g. figures 2 and 3) have been 
shown to be characterized by low and uniform nitrate concentrations, frequently less than 
2  mg .NO3-N 1“ *. TTiey suggest that corresponding leaching losses do not generally exceed 
10  kg N ha“ * annually, except perhaps where rates o f inorganic N fertilizer application are, 
by current standards, abnorm ally high (over 250 kg N ha“ * annually).
Profiles from beneath a large, now partitioned, field in East Yorkshire (figure 2 ), show the 
marked effect o f ploughing-in o f pasture with subsequent continuous cereal cropping. The  
enhanced mineralization o f organic N in the soil biomass consequent upon the aeration caused
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Kici.’itr. 2. Porc-w atcr profiles for C^halk u n sa tu ratcd  zone in East Yorkshire show ing the effects o f p artia l conversion 
from pasture  to a rab le  land in au tu m n  lftG6  (G , perm anen t grassland; C , w in ter o r spring  cereals; (N :C l:S O *) 
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hiGtiRE 3. Sum m ary of n itra te  profiles for C halk u n sa tu ratcd  zone beneath  long-standing arable land.
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by ploughing-in o f  established grassland is an important source o f nitrate that might be lost 
by leaching, especially from the more permeable agricultural soils. The quantity potentially  
available is very large (Reinhorn & Avnim elech 1 9 7 4 ; Smith & Young 1 9 7 5 ).
Profiles from arable land
High nitrate concentrations have invariably been encountered in pore-water profiles from 
beneath arable land, even with a history o f short grass leys (Foster & Young 1 9 7 9 , 1 9 8 1 ). The 
profiles for long-standing arable fields arc characterized by a major ‘ nitrate front’, which has 
reached, or formed at, around 3 8  m below ground level, with concentrations decreasing to 
10  2 0  mg .\O j-N  1"‘ below 10  m depth. When viewed in relation to the W .H .O . (and E E C.) 
recommendations for jxitable water (figure 3), these profiles give rise to serious concern about 
future Chalk groundwater quality. W ithin a given arable field, the pore-water nitrate profiles 
(and those for other determinands) show overall uniformity (figure 4), but in detail significant 
variations in the m agnitude o f peak concentrations (reflecting very localized differences in soil 
leaching) and in the depth to peak concentrations (reflecting minor differences in the net 
groundwater flux) arc present. Profiles from long-standing arable fields in the same catchm ent, 
each of which will have had a somewhat different history o f  cropping and fertilizer application, 
are much more variable, but have a characteristic shape (figure 3).
Discussion o f  profile interpretation
Natural tritium constitutes one o f the best available tools with which to evaluate the 
mechanisms o f movement o f more-soluble, non-reactive, pollutants through the unsaturated 
zone, Ix-cause o f its unique temporal distribution in rainfall (and thus infiltration) with a 
pronounced peak associated with thermonuclear fallout in the springs o f 1963 and 1964. The 
preser\ation o f this peak at relatively shallow depth in Chalk unsaturated zone pore-water 
profiles, with apparently little dispersion, has been widely observed (see, for exam ple, Smith etal. 
1 9 7 0 ; Foster & Sm ith-Carington 1 9 8 0 ), although it should be noted that profiles with much 
broader peak width have also been observed at some sites in eastern England. If it could be 
assumed that solutes and isotop>es were m oving uniformly downwards in a non-dispersive 
(‘ p iston’) flow, such that all o f the pore-water nitrate in the profile above the base o f this tritium  
peak was o f post-1963 origin (figures 3 and 4), then the detailed history o f recent leaching losses 
for the given cropping record could be deduced from the corresponding moisture content 
profiles and estimates o f  actual infiltration. The implication would be that leaching rates have 
risen steadily from about 1960 onwards to exceed 80 kg N ha“  ^ annually in the mid-1970s. 
Average annual rates o f leaching since 1963 would be mainly in the range 5 0 -7 0  kg N ha"* 
(table 1).
Although direct leaching o f fertilizer nitrate by late spring infiltration will occur in some years, 
and any unused nitrate would be leached in the following autum n, the bulk o f leaching losses 
arc probably derived from the mineralization of organic matter in the soil biomass, especially 
in autum n. Nevertheless, such leaching losses are large when compared with current annual 
fertilizer application rates on arable land (8 0 -130  kg N ha"*). If verified they would represent 
an enormous loss o f nutrients: assuming current costs to be about /^0.30 kg"* N and an average 
annual loss o f 80 kg N ha"*, the annual loss would exceed 15 M , considering only the drift-free 
aquifer outcrop areas (figure 1) in eastern England alone, some 80%  o f whose land area is 
dedicated to arable farming. Nitrate concentrations o f Chalk groundwater in much o f this
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region would, by im plication, rise steadily to reach intolerable levels (in excess o f 2 2 . 6  mg 
NOg-N l” ‘) from the I99()s onwards, and in other regions to som ewhat lower levels at later 
dates (Young et al. 1 9 7 6 ), necessitating major capital expenditure on alternative water- 
supply developm ent or water treatment facilities, or both.
I a BI.E 1. A n a I.YSIS o f  C h AI.K UNSATURATED ZONE P O R E -W A T E R  PRO FILES (ASSUMING 
N O N-DISPERSIVE F !,O W ) FOR R EC EN T LEACHING LOSSES FROM A RABL E  LAND
C l- / (k g  ha-')N O ,-.N /(k g  h a - ')
__________ A_____________
m ean profile cquiv. m ean profile equiv.
site annual total m ean annual total§ m ean
(sam pling application (depth annual application (depth annual
dale) in fertilizeft ra n g e ): loss in fe rtilizert ra n g e ): loss
NOIX 132 8:10 64 72 1180 91
(Feb. 1976) ( l - l l  m) ( l - l l  m)
N60 143 980 70 77 1460 104
(A pr. 1977) ( l - l l  m) ( l - l l  m)
YOS 125 780 52 78 I 2 ÎKI m
(O ct. 1978) (1 -1 6  m) (1 -1 6  m)
Y09 10 153 600 40 8 8 KMMI 67
( O n .  1978) (1 -1 6  m) (1 -1 6  m)
0 0 1  0 6 78 980 61 50 1170 73
(M ay 1979) (1-7  m) (1-7  m)
Y02BI 75 1 0 2 0 93 25 1150 104
(O n . 1978) 1 0 0  l i ( l - l l  m) ( l - l l  m)
t  D uring period llRi3 to sam pling d a te  indicated.
* From  below m ain root zone to  ap p aren t dep th  o f  1963 4  tritium  penetration .
§ After deducting  background corresponding to pore-w ater concen tra tion  o f 15 mg Cl I '.
I Figures for Y02B relate to period o f continuous arab le  cultivation  since 11*66 w hen pastu re  ploughed in. 
^  Allowing 300 kg N h a “ ' release on p loughing o f perm anen t grassland.
I hc p>ossibility o f substantial nitrate attenuation through denitrification within the unsatu­
rated zone, beneath arable land at least, seems rather unlikely (Foster & Young 1 9 7 9 , 1 9 8 1 ). 
Biochemical denitrification cannot yet be discounted, however, since significant (insoluble) 
organic carbon concentrations and, occasionally, nitrate-reducing bacteria populations have 
now been measured at a considerable depth below the soil interface at a few sites (W hitelaw  
& Rees 1 9 8 0 ; Hall 1 9 8 1 ).
In view o f the scale o f its im plications, the profile interpretation above warrants a detailed 
re-examination. Tw o difficulties are im m ediately apparent.
First, in eastern England arable farming practices underwent their most important post-war 
change, to more continuous cereal cropping sustained by much higher N fertilizer applications, 
during the period 1955-65, and have been relatively constant since then. T he ‘ implied d ate’ 
o f major increases in the pore-water nitrate profiles is from the late 1960s. Thus a considerable 
time-lag in the resjionse o f  soil biomass m ineralization to increased inputs o f organic N from 
crop residues would have to be invoked. Bearing in mind the com plexity o f the soil system this 
may be feasible. At some sites in southern England with rather different cropping histories, 
however, nitrate profiles have been simulated by using surprisingly simple ‘ release rules ’ (Oakes 
et al. 1 9 8 1 ), based on the observation that an equivalent o f only pO% of applied fertilizer N 
is taken up by the crop (K olcnbrander 1 9 7 7 ) and the assumption that, for permeable arable
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soils, an amount equivalent to all the unused fertilizer N will be released and leached from the 
soil, by one process or another, during the subsequent 3 years.
Secondly, in the analysis o f the pore-water profiles for a non-nutrient, non-reactive, ion such 
as chloride, it is only possible to approach a satisfactory mass balance for the post-1963 period 
(table I ) by assuming rather extreme values for the chloride content o f rainfall and of the various 
brands o f soil fertilizers and additives.
pore-watar [SO,] /(mg I*’) 
50 100 150
concentratiom highly vafiaWf 
both spatially and temporally
 ' # 2
envelope of West Norfolk 
profiles (1976-7)
20
envelope of East Yorkshire 
profiles (vwintet 1978-9)
profiles from unfertilized 
and fertilized grassland 
for comparison
flGURE A Sum m ary of su lphate  profiles for Chalk u n sa tu rated  zone beneath  long-standinp a rab le  land.
Similar can be said o f  sulphate, which is present in the profiles from beneath arable land 
in enormous quantities (figure 5) with maximum annual leaching rates perhaps reaching 
2 Ô0  kg SO^ ha“*. Although the rate o f migration o f sulphate is likely to differ significantly from 
that o f chloride, because o f  their differing physicochemical properties, the sulphate distribution 
does not appear to be solubility controlled nor related to the oxidation o f naturally occurring 
sulphides. Thus this sulphate was probably derived largely from the original manufactured 
forms o f N fertilizer, (NH and P fertilizer, Ca(HgP0 4 ) 2  CaSO^, with the implied
somewhat lower leaching rates in recent years (figure ô) reflecting gradual replacement by 
N H 4N O 3 and N H 4H 2PO 4 during the 1960s. (In passing it must be mentioned that there is 
accum ulating evidence o f a concom itant increase in the leaching or m obility, or both, o f Ca, 
Na, M g, K, Ba, Sr, B and perhaps other ions, as a direct result o f  modern arable farming 
practices or indirectly through modification o f unsaturated zone water-rock equilibria caused 
by the changing composition o f soil leachates; these are likely to confront the water supply 
industry with additional future problems.)
[ ]
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The Chalk unsaiuraied zone pore-water to which the solute profiles relate is generally 
believed to be essentially immobile and, below about 2  m depth, the rock matrix is expected 
to remain almost fully saturated because o f the very small pore sizes (Foster 1 9 7 5 ), although  
this may not be true at all sites (W eilings & Bell 1 9 8 0 ). Solute transport downwards from the 
zone o f plant influence is thought to be controlled by a mechanism involving solute exchange, 
by lateral molecular diffusion, between m obile microfissure water and im m obile pore water, 
the former eluting solutes from high-concentration ‘regions’ in the matrix and transferring them 
to lower-conccntration ‘regions’ along its direction o f flow. This mechanism has been shown 
to be very sensitive to variations in the rate and duration o f fissure flow, the fissure geometry' 
and the |x>rosity and aqueous molecular diffusion coefficient in the rock matrix (Barker & Foster 
1 9 8 1 ). Non-dispcrsive solute movement in such formations was shown to be a rather special 
case. Detailed analysis o f tritium profiles (Foster & Sm ith-Carington 1 9 8 0 ) has also shown that 
perhaps up to 2 0 % or more o f infiltration may com pletely ‘ bypass ’ the above slow mode o f 
downward m ovem ent. It is suspected that such ‘bypass’ is associated with high-intensity winter 
rainfall exceeding the infiltration capacity o f the microfissure system, decreasing soil moisture 
potentials and allowing very rapid groundwater flow in the larger fissures with insufficient time 
for significant solute exchange with the Chalk matrix. T he ‘bypass flow ’ could often contain 
relatively low nitrate concentrations, since these are prevalent in soil infiltration during most 
o f the winter period. T he tritium profile analysis also suggested that the top 2 -3  m o f the profile, 
including the soil itself, must behave in a com plex fashion (Foster & Sm ith-Carington 1 9 8 0 ), 
with rapid mixing and highly dispersive flow. This has been borne out by recent pore-water 
profiling for stable isotopes (*H and **0), which exhibit strong seasonal fluctuations about a 
fairly constant long-term mean concentration in rainfall. Corresponding fluctuations in their 
concentration in the top 2 3 m o f sequential pore-water profiles are observed (Bath etal. 1 9 8 1 ), 
with relatively constant concentration, corresponding to that in the groundwater o f the 
saturated zone, below (figure 4).
It is concluded that the com plexity o f the Chalk unsaturated zone is such that final 
interpretation must await the results o f  long-term sequential profiling. Such work is in hand 
but has so far produced conflicting results. Although clear downward m ovem ent o f  tritium and 
nitrate have been observed at some sites (Foster & Sm ith-Carington 1 9 8 0 ; Oakes et al. 1 9 8 1 ), 
there is as yet no definite evidence for the systematic, non-dispersive, downward m ovem ent of 
the main ‘nitrate front ’ beneath long-standing arable land. Indeed, results from a site o f  very 
detailed investigation on the Cambridge Chalk show marked changes in peak concentration  
more consistent with dispersive flow, possibly coupled with denitrification (figure 4).
If such a flow mechanism predominated the downward m ovem ent o f nitrate, it is possible 
that the more recent rates o f leaching loss, w hile increasing from earlier (pre-1965) values o f  
about 40 kg N ha“ ‘ annually, are significantly less than those implied by non-dispersive flow. 
Since long-term mean annual infiltration is m ainly in the range 2 00-300  mm and arable land 
occupies up to 80%  o f  the aquifer outcrop area, in the absence o f denitrification, leaching rates 
become critical to water-supply interests in eastern England in the range 55 80 kg N ha"* 
annually.
Current outlook
Am ong current trends in agricultural practice, the move from spring-sown to winter-sown  
cereals and perhaps also the introduction o f minimal cultivation techniques should reduce 
nitrate leaching to groundwater from permeable arable land.
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The forccasl renewed increase in fertilizer application to cereals and the continued major 
increases on grass, however, may well prove detrimental to water-supply interests.
L o n g e r - t e r m  h i s t o r y  o f  l e a c h i n g  l o s s e s
I he distribution o f nitrate and other solutes in the saturated zone o f u neon fined aquifers, 
and particularly at depth in that zone, relates in a general way to the longer-term history of 
leaching losses from agricultural soils. The data cannot be interpreted directly since they reflect
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the influence not only o f variable leaching rates but also varying land-use, especially increasing 
arable acreages, unknown but perhaps significant dénitrification (since nitrate-reducing 
bacteria have been recovered at depths o f  more than 2 0  m below groundwater table), and 
complex groundwater flow regimes with unknown dispersion, in which vertical, as well as 
lateral, flow com ponents are present.
However, in eastern England where, for exam ple, more than 80%  o f the research catchments 
have been under continuous arable cropping since 1035 (the earliest land-use survey at field 
level) and probably throughout this century, some interesting observations can be drawn from 
chemical pore-water profiles in the saturated zone (figure 0). (In passing it should be mentioned 
that pore-water chemistry has been shown generally to agree quite closely with that of 
groundwater pumped from the corresponding depth interval, although, as would be expected
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from (he above discussion, significant différences have been sometimes observed in the Chalk 
at depths o f known major fissuring.)
At depths where chloride and sulphate concentrations o f less than 20 mg 1~‘ occur, probably 
corresponding to the period before the widespread introduction o f inorganic fertilizers (i.e. 
before 1940), concentrations o f 8 - 1 0  mg N O j-N  1~* persist and probably reflect annual 
leaching rates o f at least 25 kg N ha"* from arable land, presumably at that time fertilized more 
by organic manures. Steadily increasing concentrations above that depth probably reflect 
increasing overall use of naturally occurring and manufactured inorganic fertilizer com pounds, 
such as N aN O j, KCl and C a,(PO ^)„ and (N H ^),S0 4  and C a(H 2P0 ^);-C aS0 4  respectively. 
I he marked increase in sulphate concentrations with decreasing depth (from 10  m and 40 m 
upwards in figure (id and b resj^ectively) probably corresponds to the widespread introduction 
after 1940 o f  manufactured inorganic N fertilizers (the N H 4)2SO^ types) by w hen the annual 
rates o f nitrate leaching had risen to approach 40 kg N ha"*.
C o n c l u d i n g  s u m m a r y
1. A major, and in England predominant, source o f nitrate leaching to groundwater is arable 
farmland.
2 . Unfertilized and m oderately fertilized pasture is estimated generally to lose no more than 
10  kg N ha"* annually.
3. Arable agriculture has had, and will continue to have, a major impact on groundwater 
quality, es|>ecially in unconfined aquifers.
4. I he hydrc^eological data presented provide clear evidence that the rate o f  nitrate 
leaching from the more permeable soils has increased, almost uninterruptedly.
5. They also show little evidence o f  denitrification in situ but this cannot, at present, be 
entirely discounted.
fi. Nitrate leaching has l>een accom panied by increasing leaching or m obilization o f  chloride, 
sulphate and numerous other ions, some o f which will also confront the water-supply industry 
with future problems.
7. In the days o f  m ainly organic N fertilizer, average annual leaching losses from permeable 
soils were probably not much more than 25 kg N ha"* but increased steadily to around 
40 kg N ha"* with the increasing use o f inorganic forms.
8 . T he interpretation o f the more recent rates o f leaching depends on the precise groundwater 
flow regime and solute transport mechanisms in the Chalk unsaturated zone, which remain 
contentious.
9. If an essentially non-dispersive flow is assumed, as suggested by the evidence o f tritium  
profiles, then annual leaching rates since 1963 average 5 0 -7 0  kg N ha"*.
1 0 . In the 1970s, with modern arable farming practices, annual leaching rates would exceed 
80 kg N ha"*, an annual loss o f  nutrient valued in excess of^(^15 M from the arable land o f the 
aquifer outcrops in eastern England alone.
11. Such losses would also imply the widespread need for alternative water supplies or w ater 
treatment facilities or both, from the 1990s onwards.
12. The regime o f solute transport in the Chalk unsaturated zone is highly sensitive to the 
detailed properties o f the fissured porous rock and to the molecular diffusion coefficient o f  the 
solute in question.
[ 185 ]
488 S. S. D. F O S T E R  A N D  O T H E R S
13. It is jx)ssible that the characteristic shape o f Chalk unsaturated zone nitrate profiles 
under long-standing arable land could reflect a more dispersive mode o f solute transport.
14. In this case the annual leaching losses, although increasing and well in excess of 
40 kg N ha"*, could significantly less than indicated alx)ve.
15. Ix)ng-tcrm sequential profiling in individual arable fields is required to resolve the 
contention; however, the limited results so far available are conflicting.
16. Even at best the nitrate leaching losses are substantial, when viewed in relation to the 
cost o f the equivalent manufactured nutrient, and warrant continued research on methods of 
restricting them to a practical minimum.
17. O f direct relevance to water-supply and environm ental interests would be large-scale 
m edium-term experiments on leaching losses in well monitored groundwater catchments, 
involving cultivation o f new winter cereal strains with the best available husbandry to maximize 
crop yields but not necessarily to m inimize labour costs.
18. In the formulation o f detailed guidelines for future agricultural practice it may be 
pertinent to consider independently the outcrop-recharge areas o f the main water-supply 
aquifers.
I his paper is published by permission o f the Director o f  the N .E .R .C . Institute o f Geological 
Sciences. A major part o f  the research work was funded by the Departm ent o f the Environment 
and carried out with close liaison and active collaboration from the Anglian and Yorkshire 
Water Authorities. I he authors acknowledge the key role played by their colleague, Lionel 
Bridge, in promoting the associated field investigations. T hey also thank Dr R. J . Dowdell 
(A R C. Ixtcom be Lalxiratory) and Dr. N. W atchorn (I.C .I. Jealotts Hill Research Station) 
for most helpful discussion on agricultural practices.
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S. S. D. F o s t e r . A major concern in my paper was the inierpreiation o f the ‘ nitrate front', 
as opposed to nitrate peak, which appears to be characteristic o f the Chalk unsaturated zone 
j>ore-water profiles from beneath long-standing arable land in eastern England (figures 3 and 
4). I f  the downward movement o f  nitrate is part o f an essentially non-dispersive flow and i f  
no significant denitrification is occurring in situ (assumptions discussed in som e detail in my 
paper but neither o f  which have, in my view, as yet been adequately verified), then the form 
o f the profiles ought to relate directly to a history o f  increasing inputs from the overlying  
agricultural soils, presumably as an indirect result o f the major increases in nitrate fertilizer 
application to arable land during 1955-65. However, a considerable tim e-lag for the 
corresponding increase in the rate o f leaching losses would apparently need to be invoked.
In some other cases, it would appear that peaks in the unsaturated zone pore-water nitrate 
profiles can be directly related to changes in land use, such as the ploughing-up o f grassland 
for cultivation (figure 2 ).
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Groundwater Supply 
Exploration in Semi-Arid 
Regions for Livestock 
Extension— , a Technical and 
Economic Appraisal
J. L. FARR*t. P. R. SPRAYÎ5 and S. S. D. FO STE R ^
ABSTRACT
By reference to a sample area in southern Botswana, of little known but generally 
unfavourable hydrogeological conditions, various technical approaches to the ground­
water search over large areas, for livestock watering, are detailed and subjected to econ­
omic appraisal. A methodology to rationalize the choice of approach is proposed, based 
on the required improvement in subsequent borehole success rate to justify the cost of 
each approach. An attempt is made to define the ceiling on groundwater search expendi­
ture. which is imposed by the economics of cattle ranching.
INTRODUC TION
Overall background
The rearing of livestock is the traditional enterprise in many of the world’s semi-arid 
regions, including the Kalahari. Sahel. Chaco and .Australian Outback.
Large tracts of land arc normally grazed at low livestock densities and. in the absence 
of permanent surface water, animals are watered at certain strategic points. Irrigation of 
fodder crops is not normally practised, because of the unavailability or the cost of water, 
or of other factors. Livestock rearing is vital to the livelihood of the human population in 
the areas concerned and to the economy of the corresponding nations. In many cases 
there is interest in extending and up-grading grazing areas to increase beef cattle herds, 
and in this connection, provision of adequate water supplies represents a major, if not 
the largest, capital investment.
• InsiUutc of Geological Sciences. Wallingford (O xonl U.K. 
t  Now at Wellficid Consulting Services. G aborone. Botswana.
Î Ministry of Mineral Resources & W ater Affairs. G aborone. Botswana. 
$ Now at Catholic Institute for International Relations. London. U.K.
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The scale of projected water demand in a given area and the economic value of the 
water resource should dictate the depth of knowledge of the local groundwater system 
required for planning purposes. In the case of livestock rearing, water demands are small 
and dispersed. The effective level of exploitation rarely exceeds the equivalent of 
0.2  mm a and there is very little risk of cattle watering seriously depleting available 
groundwater, even where no known resource replenishment is currently occurring. Thus 
only a qualitative knowledge of groundwater occurrence is necessary for the planning 
and development of livestock water supplies (Foster and Farr. 1976). However, very large 
semi-arid areas are involved, and the location of any formation capable of reliably 
yielding groundwater supplies of adequate quantity and acceptable quality will represent 
a significant problem in numerous hydrogeological conditions.
Botswana perspective
The Botswana national herd now exceeds 3 million mature cattle and collectively 
represents a major and growing demand on groundwater (current abstraction being 
estimated at 40 45 Mm^/a). Plans exist to develop (or to intensify the development of) 
under-utilised land, so as to allow a continued expansion of the livestock industry and to 
relieve currently overgrazed areas. Some 1000 new commercial ranches of 64 km" are 
projected (each capable of grazing up to a maximum of 600 cattle), together with new 
and improved communal grazing areas. Over 1000 water supply boreholes will thus be 
required at a capital cost approaching LISSIO million, excluding pumping plant.
The selection of grazing development areas is based on a number of factors, including 
current land use. grazing potential, socio-economic considerations, but it is often not 
possible to give high priority to groundwater availability or to knowledge of hydrogeolo­
gical conditions. Consequently, the provision of water supplies often has to be under­
taken in areas of little known and/or relatively difficult groundwater conditions.
Hydroqeological knowledge o f sample area
An area of a little over 3(XX)km* in southern Botswana (Kweneng District), containing 
50 newly designated ranches, was chosen for study. Each ranch must have at least one 
borehole capable of supplying 0.5 I/s of water with less than 5000 ppm total dissolved 
solids.
The sample area is underlain by Karoo rocks, which are covered by up to 30 m of 
Kalahari Beds (desert calcretes and aeolian sands). No detailed geological map is avail­
able and there arc only very limited subsurface geological data from a few earlier bore­
holes. However, across much of the area the bedrock is believed to be Stormberg Basalt, 
overlying Cave Sandstone. The latter, particularly at its junction with the basalt, cer­
tainly represents the most promising water supply prospect (Fig. 1). since it is known to 
be a consistent aquifer throughout Botswana, but over the greater part of the sample 
area its depth of occurrence is unknown.
Water may be encountered within the Stormberg Basalt, in weathered zones between 
individual lava flows and in fractures, and adequate supplies for livestock rearing may be 
obtained. Their detection, however, is virtually impossible with any known geophysical 
or remote sensing technique, unless the associated feature is unusually thick and wide in 
relation to its depth below surface. There is also a possibility of encountering isolated
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“perched” groundwater tables at. or near, the base of the Kalahari Beds, from which 
adequate supplies for livestock rearing can sometimes be drawn. Although fairly com­
mon. especially where the pre-Kalahari surface is weathered and irregular, they are also 
extremely difficult to detect by remote methods.
A statistical analysis of the national borehole archive for neighbouring areas (Fig. 2, 
reveals the following:
(a) The mean depth of boreholes drilled in the basalt alone (about 70 m) was almost the 
same as that for other formations, although the latter included more boreholes that 
were taken to depths in excess of 150 m. However, 42°;, of those boreholes in basalt 
alone had inadequate yield compared to only 14°; of those in other formations. But 
where groundwater was encountered in the basalt, it was struck at shallower depths 
(20-40 m) than in other formations (60-80 m).
(b) Groundwater occurrence at the base of the Kalahari Beds was surprisingly frequent 
with 43% of all boreholes encountering some water here, but supplies were often 
small and saline.
To summarise, the hydrogeological knowledge of the sample area is sparse; there being 
no consistent information on depth of groundwater strike, groundwater levels, spatial 
variations in groundwater yield and quality. This situation pertains in many other areas 
of potential livestock extension, since the commonest criterion for their selection is the 
absence of existing land development.
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GROLNDWATER EXPLORATION: THE POSSIBLE APPROACHES
A number of possible approaches to the groundwater search, of varying sophistication 
and cost, are discussed below. Each, when used on a group (rather than piecemeal) basis, 
will improve hydrogeological knowledge and thereby allow some Increase in the success 
rate for water supply boreholes above that of “wildcat" drilling (5o). The application and 
cost of the various approaches are appraised in the context of the southern Botswana 
sample area. A fair measure of hydrogeological judgement is required to decide the level 
of implementation necessary in each case to give significant advance in groundwater 
understanding and hope of corresponding improvement in borehole success rate. The 
levels implied by the costs quoted (Table 1) are considered minimal for the sample area 
concerned. For other areas, these costs will vary with geological complexity.
(I) Grid-controlled drilling
In “wildcat" drilling, trial production boreholes are located almost at random; sited 
simply for convenience or with local non-professional advice (from “diviners" or “stick 
men"). Drilling is commonly continued until water is struck or rig depth capacity is 
reached and, since it is not geologically controlled, the results from initial boreholes are
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hem
Unit
item
Total 
item 
(approx. costs in
Overall unit 
search cost(C) 
USSlOOOl
111 Grid controlled drilling
15 trial production boreholes 12.0 180.0 )
stalf supervision sum 15.0 } 1.5
(less salel 15 So successful — 8.0 So -1 2 0 .0  J
boreholes 
|2 | Geologically-controlled drilling
10 trial production boreholes 12.0 120.0 )
stall supervision sum 25.0 1.3
(less salel 10 So successful 
boreholes
- 8 .0  So -8 0 .0  J
(3) lamg traverse geophysics 
300 km resistivity magnetic
traverse (with some soundingsl 05 150.0 1
5 trial production boreholes 12.0 60.0 > 3.4
(less sale) 5So successful -8 .0 , So -4 0 .0  j
boreholes
(4) Short and long traverse geophysics
300 km resistivity magnetic traverse 0.5 150.0
5 detailed geophysical sites 6.0 30.0 4.4
2 X 150 m cored exploratory boreholes 20.0 40.0
(5) H vdrostratigraphic exploration
300 km resistiviiy/magnetic traverse 0.5 150.0
5 * 150 m cored exploratory boreholes 20.0 100.0
5 trial production boreholes 110 60.0
3 additional observation boreholes 10.0 30.0 6.95 « 3  day aquifer pumping tests 5.0 25.0
various laboratory  testing sum 10.0
geophysical borehole logging sum 10.0
(less salel 5 So successful boreholes — 8.0/So -4 0 .0
N oics: (at Based on sample area in southern Botswana requiring 50 water supply boreholes, in a hydrogeolo- 
gically little known area of some 3000 km*; thus C is derived by dividing the total net cost of the approach 
concerned by 50.
(bl 1980 Botswana costs using government drilling plant, personnel, professional services, field equipm ent, and 
assuming L'SJl.O »  Pula 0.8. Figures may vary if private consultants and/or commercial drilling contractors 
are employed.
(Cl Assumes that successful boreholes can be sold and, for simplicity, that the initial success rate for trial 
production boreholes is equal to. and the sale value of succes^ul boreholes inversely proportional to. the 
“wildcat" drilling success rate (Sok the latter also being controlled by the drilling costs of small private 
contractors (USS8000L rather than of government drilling plant (USSllOCX)!. Thus C is rendered independent 
of Sol more realistic assum ptions complicate, but do not invalidate, the analysis.
unlikely to have much influence on the siting (or the completion) of subsequent bore­
holes. The cost of the associated groundwater search is virtually nil.
\  modification to this approach would be to drill a proportion of the required produc­
tion boreholes on a widely-spaced grid over the designated area, completing any success­
ful boreholes for permanent production. If professionally supervised, the results could be 
used to interpret the hydrogeology, and thus to site (or to design the completion of) 
further boreholes or to decide whether the prospects justified continuing the drilling 
programme. Considering the probable conditions in the sample area, a 15-km grid was 
here considered the minimum initial requirement.
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(2) GeoltHiy-amtrolled drilling
The “grid-conlrolled’* approach is still somewhat random geologically, since it does 
not make use of such pre-existing information as may be available. An improvement 
would be to examine any available data on the designated area (including water borehole 
archives, mineral prospecting reports, aerial photographs, satellite images and airborne 
geophysical surveys) to give some idea of its geological structure. This would often point 
to features of potential hydrogeological significance and a certain number of trial pro­
duction boreholes (say 10 in the case of the sample area) could be sited on such features 
to investigate their hydrogeological role. The results of drilling could be used progress­
ively to interpret hydrogeological conditions and hence site further production boreholes.
(3) Long t rarer se geophysics
A common approach to subsurface geological exploration uses surface geophysical 
surveys; these have been used with some success for groundwater in the Kalahari (Jen­
nings. 1971; Worthington. 1977). Surveys are normally limited by cost considerations to 
the electrical resistivity method, occasionally supported with gravimetric, magnetic, elec­
tromagnetic or shallow seismic refraction techniques (e.g. Zohdy et a i, 1974). Logical 
selection of geophysical technique(s) presupposes some geological knowledge of the 
designated area. If the geology is totally unknown.then experimentation with a variety of 
techniques would be necessary before the main geophysical programme could be under­
taken. The choice of tcchniqucfs) depends largely on the geometry, depth and contrast in 
geophysical properties of the features of potential hydrogeological interest. Where sub­
vertical faults, or similar features, represent the most important prospect, geoelectric 
traversing will probably be most applicable, while geoelectric soundings should prove 
more definitive where subhorizontal lithological contacts are the main features under 
investigation.
In the southern Botswana sample area, a minimal geophysical programme would 
consist of 300 km of geoelectric and geomagnetic traverse lines forming an open grid, 
together with about 15 geoelectric soundings. From these the geophysicist should be able 
to delineate areas where the Stormberg Basalt is thin or absent, together with any major 
fault zones. A number of locations with characteristic geophysical signature (say 5) could 
be investigated by the drilling of trial production boreholes, under hydrogeological 
supervision, to permit interpretation of the geophysical results.
(4) Short and long traverse geophysics
A refinement of the above approach would be to select, in any adjacent developed area 
of suspected similar geology, a number of productive and blank (unsuccessful) boreholes 
(say 5) and run detailed short traverse geophysical surveys across the sites in order to 
establish their geophysical signature or anomaly. Those associated with productive bore­
holes could then be readily identified when undertaking long-traverse geophysics in the 
designated area, without the need for trial production boreholes. However, for confident 
interpretation, it would probably also be necessary to drill cored exploratory boreholes 
at two or three of these sites.
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(5 ) Uydrostratiyraphic exploration ,
This approach is that normally used as the first stage in the quantitative evaluation of 
groundwater resources and would include cored exploratory boreholes (in the designated 
area) in addition to surface geophysical surveys, to determine the stratigraphie sequence 
accurately. Aquifer pumping tests with observation boreholes, and other selected field 
and laboratory measurements, would be used to interpret this sequence hydrogeologi- 
cally. As will be seen from the cost estimates for the sample area (Table 1). this is 
altogether a much more expensive approach.
COST EFFECTIVENESS OF GROUNDW .\TER EXPLORATION
The groundwater search techniques are only justified if they increase the chances of 
subsequent boreholes being successful, such that the overall saving in drilling costs, in the 
long run. is greater than the cost of the search.
The average cost of drilling a successful borehole can be written d/S, where d is the 
average production borehole drilling cost and 5 the success rate following use of a given 
search technique. Now. if the unit cost of a given technique is C. we would choose 
technique n rather than m. if its incremental cost was less than the saving in drilling 
costs:
^  ■  £ ) ■
Although it is possible to estimate d and C, at present few reliable data on S correspond­
ing to different search techniques exist. For a given technique S will, in any case, vary 
with geological conditions. However, some useful inferences can still be made.
Maximum justifiable expenditure on groundwater search
Different geological environments will have different success rates for “wildcat" drilling 
(5o). The maximum justifiable expenditure on groundwater search (C^,J will be given 
when S, = 1.0. or perhaps 0.9. since it might be assumed that even the most sophisticated 
search technique will not improve the borehole success rate to much more than 90*’;,. 
thus:
./(I - S o ) /  d d ]
In Botswana the cost of narrow diameter production boreholes (J) is typically about 
US$12.(X)0, although small contractors using very slow equipment are sometimes used at 
costs nearer USS8000. and using these figures the maximum justifiable expenditure on 
the groundwater search, for a given “wildcat" drilling success rate, can be calculated 
(Fig. 3). Not surprisingly, the more favourable the geological environment is to “wildcat" 
drilling, the lower is the justified search expenditure.
If “wildcat" drilling can achieve a 75% success rate, and a ranch owner can get a water 
supply borehole drilled for USS8000, reasonable assumptions for some areas of Bots-
J. L. Farr, P. R. Spray and S, S. D. Foster
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FUf. J. Maximum justifiable cost o f  qrounii^^uter search.
wana, then it will not be worth spending more than USS20Ü0 on any form of ground­
water search (Fig. 31 however good it is. Thus only the "controlled drilling” approach^ 
arc worth considering (Table 1), and it has to be considered whether these have an} 
chance of raising the success rate to over 90%, However, where the "wildcat” success rate 
is only 50®,,. all techniques except full hydrostratigraphic exploration (5) could at least bt 
considered.
Minimum justifiable improvement in borehole success rate
The success rate that each approach will enjoy in a given geological environment is not 
known. However, we can calculate the minimum success rate (5„i„) each technique woulc 
need to have before it can be considered:
”  W -  CSo)'
This shows the proportion of production boreholes that would have to be successful 
(after being sited with the aid of a particular method of groundwater search) for that 
approach to be economically viable. This can be represented graphically for a given 
borehole drilling cost (di say USSStXX) (Fig. 4). Thus, for example, if the "wildcat” success
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Fig. 4. Minimum juslthahle borehole success rate for given groundwater search cost.
rate was 60®  ^ approaches (1). (2). (3) and (4) would require minimum success rates of 
69% , and 90% respectively before they could be considered, and approach (5)
would not be viable.
It must be emphasized that these are only the minimum rates needed for an approach 
to be considered and it does not follow that, if in this example, approach (4) was expected 
to give a success rate of 90% (9% above minimum) that it should be employed. The 
“controlled drilling” approaches would only have to achieve very small increases in 
success rate above the justifiable minimum to be preferred.
Using this analysis, and considering the geology of a particular area and the related 
feasible ranges of success rate for different groundwater search techniques, the hydrogeo­
logist. groundwater engineer and water resources planner should be better able to advise 
on which approach to employ.
Technique selection for sample area
As mentioned, the success rate of reported, boreholes around the southern Botswana 
sample area was 58% when basalt alone was encountered, and 8 6% elsewhere. Many of 
these boreholes were sited by “wildcatting", but we must also expect that some blank 
boreholes have not been reported. If it is assumed that the actual “wildcat” drilling 
success rates were 45 and 70% respectively, then we can derive, using Equation (c). the 
minimum justifiable success rates for the various approaches described (Table 2).
In the basalt-free area, the choice of approach lies between “wildcat” drilling and 
“controlled” drilling: all other approaches probably being too expensive. “Controlled” 
drilling would be justifiable if it were able to increase the success rate by about 10®;. 
Such an increase certainly appears feasible and would, thus, be recommended.
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Table 2. Minimum subsegueni borehole suieess rate to jus- 
tifv use o f  curious approaches lo groundwater search in 
southern Botswana sample area
Search
method
C
(USSlOOOl
(Al Basalt 
areas
s...
■(B) Non hasall 
areas
I .1.5 0.49 0 81
2 1.3 0,48 0.79
3 . 3.4 0.55 >  1.00
4 4.4 060 >1.00
5 '6 .9 0.73 >  1 00
Notes- (al Assumes So for (At and (Bt of 0.45 and 0.70 
respectively and d »  USS8000.
(bt Unit groundwater search costs (O  based on analysis in 
Table I.
(ct If S „ .  >  1.00. approach is not viable.
In the basall-capped area, there is a wider choice, but the relatively small increase in 
success rate required by approaches ( 1). (2) and (3). are all more likely to be achieved. 
However, it is questionable whether, in this type of terrain, long traverse geophysics 
would lead to a significantly higher success rate than the “controlled drilling” approaches 
and the latter would probably be recommended.
Maximum economic expenditure on water provision
Livestock rearing can only supp>ort a certain level of investment if it is to remain 
profitable. There is thus an upper limit on the expenditure that should be used in 
providing water, that is on [d/s) + C. imposing a further constrairton viable groundwater 
search techniques.
Unfortunately, information on the economics of livestock rearing in Botswana is 
sparse, and the calculation is too sensitive to the acceptable rate of return on investment 
to provide much guidance. Data from one estimate of the net income, over 20 years, from 
a 64 km  ^ ranch (World Bank. 1977) suggests that it would not be possible to achieve a 
10% real rate of return. If however, farmers would be prepared to accept a discounted 
return of only 4% plus inflation (Sandford. 1977). then the same net income would allow 
an initial investment as high as USSI75.(X)0: even with USS80.000 required for purchase 
of cattle, and USS35.000 for ranch improvements. USS60.0(X) would be available for 
water provision. A relatively large sum could then, in theory, be used for the ground­
water search, although in practice it is unlikely that cattle ranchers in Botswana would 
be prepared to so invest at present.
A separate question is whether government, that is the tax payer, should undertake 
any additional expenditure. It might be argued, for example, that the first ranchers in an 
area face more difficulty over water provision than later arrivals, because when some 
boreholes have been drilled and hydrogeological conditions evaluated, it should become 
easier to site subsequent boreholes successfully. Ideally, this would call for taxes on the 
later arrivals in an area to recover subsidies for water provision that would have been 
paid to those people initiating the groundwater search. Alternatively, it could be argued
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that ranchers are, in some cases, not prepared to spend as much money on water 
provision as is economically justified, considering the profits they could expect to make. 
Thus there might be scope for taxing cattle sales to finance government contributions to 
water provision. In any event, there is no economic justification for the total (govern­
ment plus private sector) input on water provision to be more than that dictated by the 
economics of livestock rearing. There may. however, be socio-political arguments for 
subsidising livestock rearing using income from other sectors of the national economy.
The water search for livestock rearing, if adequately supervised and archived, can 
provide useful data on groundwater occurrence which may be very valuable for future 
purposes, as yet unforeseen, such as new urban or mining development, or more intensive 
agriculture. Government could, therefore, consider subsidising the groundwater search, 
or expanding the program of exploration beyond that strictly justified for livestock, 
because of such longer-term national interests.
CO NCLl DING REMARKS
A logical method of evaluating the most appropriate approach to groundwater explor­
ation for livestock rearing in terrains of relatively unfavourable, little known, hydrogeo­
logy has been presented. More information needs to be collected on the success rate both 
of “w ildcat” drilling and of the various approaches suggested. Such information must be 
disaggregated into broad groups of differing hydrogeological environment. The final 
selection of groundwater search method will be constrained by the economics of live­
stock rearing, after taking account of government policy on the level of any subsidies to. 
or within, this sector. An important conclusion is that low cost approaches to the 
groundwater search may often be most justified economically, as well as being more 
easily implemented in nations lacking financial resources.
A similar philosophy might be taken towards the siting of boreholes for provision of 
improved water supplies for rural populations, although the search area would obviously 
be more constrained by various factors including public health considerations, and the 
economics largely dictated by the availability and cost of development of alternative 
water resources.
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A B STR A C T
F o ste r, S .S .D ., B ath , A .H ., F a rr, J .L . an d  Lew is. W .J., 1982 . T h e  lik e lih o o d  o f  active 
g ro u n d w a te r recharge in th e  B otsw ana K alahari. J . H ydro l., 5 5 ; 113—136.
T h e  K alahari is th e  w o rld ’s m o st ex tensive  m an tle  o f  sand . A fu n d a m e n ta l, b u t very 
d iff ic u lt, p ro b lem  in th e  evalu a tio n  o f  g ro u n d w a te r resources in the  region is th e  e s tim a­
tio n  o f  tlie  m agn itude  o f  an y  active in f iltra tio n , from  m o d em  rainfall th ro u g h  th e  sand- 
cover to  ce rta in  deep  aquifers.
T h e  resu lts  o f  a reconnaissance  s tu d y  o f  th e  u n sa tu ra ted  sand-cover, includ ing  its 
physical p ro p e rties , chem ical an d  iso to p ic  p ro files o f  its po re -w ate r co m p o s itio n , are p re ­
se n ted . T h e  p ro files ap p ear to  ex h ib it evapora tive  fea tu res and  to  suggest th a t ,  in an area 
w ith  a m ean annual ra in fall o f  4 5 0 m m , d iffu se  recharge  sh o u ld  n o t  he p resum ed  to  l>e 
occu rrin g  w here  th e  sand-cover is m ore  th an  ~ 4  m deep .
IN T R O D U C T IO N  
Research perspective
The Kalahari occupies over 2.5 • 10^ km^ o f  southern Africa including all 
but the northern and eastern margins o f Botswana, and stretches southwards 
into the Ca)ie Province o f South Africa and eastwards into South West 
Africa/Namibia. It is essentially a flat sand-covered semi-arid region with a 
mean annual rainfall o f between 250  and 550 mm. Only in the extrem e  
southw est do true desert conditions prevail and elsewhere the region is, for 
the m ost part, quite well vegetated.
** T his a u th o r  gave a lec tu re  re la ting , in p a rt, to  th is  p ap er a t the  G eological S o c ie ty  o f 
L o n d o n , H ydrogeological G ro u p  M eeting on  “ Physical C o n tro ls  on  the  M ovem ent o f 
W ater and  S o lu tes  th ro u g h  tlie  U n sa tu ra ted  Z o n e ”  a t B urling ton  H ouse, L o n d o n , on  
Ja n u a ry  8 , 1 980 .
F o rm erly  also . G eological Survey D ep artm en t, L o b atse , R ep u b lic  o f  B otsw ana.
0 0 2 2 -1 6 9 4 /8 2 /0 0 0 0 —0 0 0 0 /S 0 2 .75 © 1 9 8 2  Elsevier S c ien tific  Publish ing  C o m pany
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In this region, virtually devoid of surface water, the availability of ground­
water resources is critical to all developm ent. To establish the presence (or 
absence) o f  active groundwater replenishment is fundamental in the formula­
tion o f a logical resource management policy. In recent years, the increased 
intensity o f mineral exploration and the developm ent, or projected develop­
ment, o f new mining enterprises is bringing the subject o f  groundwater re­
sources to  the econom ic forefront (Foster and Farr, 1976; Foster et al., 
1981).
Prior to  1977, research on the possibility o f active groundwater recharge 
in the Kalahari had been restricted to the broadest level o f regional recon­
naissance. Certain writers (Martin, 1961; Boocock and van Straten, 1962; 
Baiileul, 1975; Sm it, 1977) have contended, albeit w ithout much direct 
evidence, that no active recharge of any underlying aquifer could take place 
where tlie thickness o f sand-cover exceeds a few metres, because o f seasonal 
moisture retention in the sands and com plete loss by subsequent évapo­
transpiration.
Other work, involving, isotopic analyses o f pumped groundwater samples 
(Mazor et al., 1974, 1977; Verhagen e t al., 1975 ), has tended to support 
the concept o f continuing active recharge over wide areas, but Hutton and 
Loehnert (1977) give an alternative interpretation involving chemical evolu­
tion o f groundwaters that infiltrated during historic pluvial periods. All o f  
these latter works were handicapped by having to use pumped samples from 
existing water-supply boreholes, frequently penetrating multi-aquifer se­
quences and o f uncertain construction, witli probable mixing and possible 
well-head contam ination. Results, therefore, may often  be inconsistent or 
ambiguous, and difficult to  interpret.
Natural groundwater replenishment in semi-arid regions can take place by 
tw o distinct mechanisms: (a) diffuse infiltration o f excess rainfall; and (b) 
local stream bed recharge along ephemeral watercourses. A further lim itation  
o f  research m ethods which only utilise water samples from the saturated 
zone, is that tliey are not readily capable o f resolving these respective com ­
ponents.
Research approach
In the Botswana Kalaliari significant surface runoff is both highly localised  
and rather rare. Although som e groundwater recharge o f  associated origin 
may occur locally, determination o f the magnitude o f any diffuse infiltration 
from modern rainfall is regarded as the more important, but more conten­
tious, question.
The approach introduced for assessment o f this potential recharge is based 
on study o f the Kalaliari Beds, and in particular on the surficial sand-cover 
which, hydrogeologically sjxîaking, forms the upperm ost part o f the un­
saturated zone.
The reconnaissance drilling programme was carried out in central Kweneng
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District (Figs. 1 and 2), towards the end of the 1977 dry season (Fig, 3). The 
groundwater resources o f this area are being evaluated as a source o f water 
supply for projected diamond mine and township developm ent at Jwaneng 
(Foster et al., 1981). A highly-mobile multi-purpose drilling rig, with tools 
for dry augering in unconsolidated sands together with air-hammer percus­
sion and air-flush rotary coring in consolidated strata, was used to obtain  
accurate and uncontaminated samples o f  soil and rock to allow study o f  
their geological and physical properties and o f  the chemical and isotopic
600
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characteristics o f their interstitial water. All o f the sample handling and 
much of the analytical work were undertaken in a m obile field laboratory 
located close to  the drilling sites, in order to minimise pore-water contam ina­
tion or evaporation and to generate rapid feedback to  the drilling operation. 
Unfortunately, there was no opportunity to undertake repeat sampling im­
mediately after the 1977—1978 wet season. Neither was it possible to  exer­
cise any control over the collection o f basic data on rainfall, potential evap­
oration, groundwater levels, tritium (^H) and chloride (Cl) fallout. This 
inevitably imposes some lim itations on the hydrogeological interpretation.
The technique of using isotopic profiles o f unsaturated-zone moisture for 
estimating infiltration rates is not new. The earliest work involved analysis 
o f  environmental tritium profiles from temperate humid regions o f the 
Northern Hemisphere (e.g., Schmalz and Polzer, 1969; Smith e t al., 1970; 
Andersen and Sevel, 1974) but more recently studies have been made in 
relatively arid regions and included the use o f other environmental constitu­
ents (e.g., Dinçer et al., 1974; Allison and Hughes, 1978). However, iso topic  
techniques are often applied w ithout obtaining supporting data on the pore- 
water chemistry and the physical properties o f the system  concerned.
U E O IlY D U O L C X ilC A L  C O N D ITIO N S IN STU D Y  A R EA
In general terms, the Karoo System , which underlies much o f  the Botswa­
na Kalahari, has been described by Green (1 9 6 6 ), but the distribution and 
stratigraphy o f som e o f its com ponent series are very com plex and have only  
l*een elucidated locally during coal exploration. Most o f the drilling pro­
gramme was implemented in that part o f central Kweneng believed to be 
directly underlain by Ecca Series sandstones (Fig. 2).
Superficia l geology
Virtually the entire area is blanketed by Kalahari Beds (Fig. 4), which 
typically have a thickness o f 20—40 m, but approach 60  m in pre-Kalahari 
buried valleys and ;u'e absent at only a few locations, where bedrock ou t­
crops. The origin and stratigraphy o f these beds has been the subject o f a 
major geological debate (Cahen and Lepersonne, 1952; King, 1962; Grove, 
1969; Grey and Cooke, 1977; Wright, 1978) and is still contentious. Most of  
southern Africa has remained land at least since Karoo (Cariboniferous— 
Jurassic) time. It is therefore possible for the continental Kalaliari Beds, 
which relate to the aggradational phases o f  major geom orphological cycles 
(during which were experienced many cycles o f  clim atic change), to have 
accumulated at almost any time in the succeeding period o f over 60  Ma, 
from the Cretaceous to Recent. The probable major subdivisions o f the 
sequence and tlieir distribution are summarised in very general terms in 
Table I.
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'I'ABLK I
S im plified  K alahari Bed stra trig rap h y
U nit G eneral d is tr ib u tio n
K V alley dep o sits  on ly  in floors o f  re-excavated  valleys
ex trem e ly  w idespread
D Aeolian sands (red is tr ib u ted  in p a r t by 
fluvial processes)
C C alcretes, silcre tes (w ith  fe rro c re tes
freq u en tly  a t to p )
B M arls, sandy  calcre tes , gravels locally  in pre-K alahari buried  valleys
A S ilcre ted  breccias very locally  on  K aroo s tra ta
In contra! Kweneng the flat, sand and calcrete, plateau (form ed mainly by 
representatives o f units C and D in Table I) is occasionally dissected by well- 
defined “ fossil” valleys (mekgacha in Setswana), which locally reach bed­
rock, and contain deposits attributable to unit E (Fig. 4). When traced north­
wards tliese valleys debouch onto a som ewhat lower-lying plain over which 
their course wanders rather indefinitely. Ubiquitous features in the landscape 
are the innumerable small “ pans”. Mothate Pan (Fig. 2) was studied geo­
logically during the course of the present investigation. The typical Kalahari 
Beds sequence was com ple te ly  absent and it was found to be floored by 
lacustrine sediments o f low  permeability and, what ap)>eared to be, very 
dw ply-weathered Storm berg Series basalt; such groundwater as is present 
was found to be highly saline. The origin o f these minor pans remains un­
known but they do not appear significant in the con text o f tlie present 
pa|K*r.
The calcretes have variable litholog)' and secondary structure, both verti­
cally and laterally; preliminary stable isotope ( ‘^C and *®0 ) determina­
tions on core material from boreholes A3 and A4  (Figs. 2 and 4) show no 
system atic trend but are thought to reflect freshwater carbonate deposition  
without significant evaporative loss. At a significant number o f  sites drilled, 
the calcrete—silcrete unit is underlain by red clays, normally not more than 
10m  thick, but reaching 36 m  at one location (Fig. 4). It was thought that 
these clays might be Kalaliari Marls (units B in Table I), but they are con­
sidered more likely to represent deeply-weathered shales from parts o f  the 
Ecca Scries; ()alynological sample exam ination, however, failed to find any 
diagnostic spores.
Clim ate and  vegetation
Central Kweneng has an average rainfall o f ~ 4 5 0 m m /a , the bulk o f  
which falls on relatively few days during the (hot) wet season, December— 
March. The annual variability o f rainfall (Fig. 1) is excessive (65%), with an
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extrem e deviation o f  ± 3 0 0  mm/a. Mean daily p o ten tia l  rates o f  évapotrans­
piration are also high (up to 8  m m /day in Üie w et season), but rainfall 
intensities in excess o f 50 m m /day have been recorded and, on a 10-day 
basis, rainfall will som etim es considerably exceed potential évapotranspira­
tion on som e occasions. Despite the frequently high rainfall intensities, 
surface runoff has been observed only rarely and locally, although som e 
water may stand in pans and in certain parts o f  fossil valleys for lim ited  
periods.
There is alm ost no rain during the (cool) dry season (May—August) but 
nevertheless the vegetation cover is normally adequate to feed at least 1 0  
cattle per km^ and much o f the land area is used, or designated, for livestock  
grazing. The vegetation system is o f a bush-and-tree savanna type and, al­
though modified locally by over-grazing and fire, it conform s with what 
might be expected for a tropical region with a mean rainfall of 400— 
500 mm/a (Balek, 1977). The bush—tree canopy does not exceed 20% and 
although this varies on a broad scale with the tliickness o f sand-cover, the 
local distribution o f bushes and trees is not believed to reflect detailed varia­
tions in the lithology o f  the sand.
G roundw ater occurrence
Som e o f the Ecca Series sandstones in central Kweneng form an impor­
tant, but com plex, aquifer system with m ost favourable hydraulic properties 
(transmissivity consistently exceeding 1 0 0  m ^/day and storativity probably 
greater Uian 0 .01). Groundwater levels are generally som ewhat below the 
base o f  the Kalahari Beds and hydraulic gradients extrem ely low . Only limi­
ted groundwater level data exist for five observation boreholes; absolute 
fluctuations in the period 1969—1972 did not exceed 0 .6  m (m ost o f which 
could have been ascribed to barometric effects), but there is a suggestion o f  
very minor recharge at som e sites in January 1967 and January 1972 .
All existing production water-supply boreholes show the Ecca ground­
water to have remarkably low salinity (total dissolved solids and chloride 
concentration mainly in the ranges 3 0 0 —700 and 50—100 mg/1, respect­
ively), presumably reflecting “ fossil” recharge o f a historic, relatively much 
wetter, clim atic episode. In semi-unconfined Ecca aquifers Ca—HCO3 ground­
waters predominate, but where confined below significant shales, Na in­
creases and may becom e the principal cation.
During 1977, 17 production boreholes were sampled for tritium (  ^H) and 
radiocarbon ( ‘‘*0 ) analyses; a few boreholes in the area having been sampled 
for this purpose on one earlier occasion (Mazor et al., 1974). The  ^H con­
centrations are m ostly very low (less than 1 TU) and with a few exceptions  
cannot be taken as significantly different from zero (that is, no definite  
post-1956 water present). However, these results in themselves cannot be 
regarded as conclusive evidence o f the absence o f active groundwater re­
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charge l^cause o f the limitation o f pumped sampling in non-hom ogeneous, 
com plex aquifers.
The corresponding ‘“*0  results for the Ca—HCO3 groundwater exhibit a 
preferred range o f 50—65p m C , but interpretation is com plicated by the 
dilution effect which dissolution o f “ fossil” carbonate has on naturally- 
decaying levels o f taken up from soil carbon dioxide during ground­
water recharge and requires a detailed knowledge o f  the groundwater chem ­
istry and historic carbonate spéciation. Taking the simplistic, and perhaps 
unjustified, assumption of an initial activity o f 85 pmC, the results represent 
ages o f 2000—450 0  yr. B.P. Measurements o f provide a m ethod o f esti­
mating the extent o f the above dilution; in this case ( 5 ‘^C =  —12%q to  
— 15%o ) they appear to  rule out the possibility o f extrem e exchange and the 
samples could be significantly younger. The few groundwater samples with 
very low Ca/Na ratios have less than 10 pmC, probably indicating ages o f  
more than 10 ,000  yr. B.P. Grey and Cooke (1977) give the possible chron­
ology for the tw o m ost recent pluvial episodes in the Kalahari as 7 5 0 —2500  
and 13 ,000—18,000  yr. B.P., respectively; the latter being a prolonged very 
wet episode in which the Great Makgadikgadi Lake reached its maximum ex ­
tension and during which the “ fossil” valleys were re-excavated.
A N A LY SIS O F  M E T E O R O L O G IC A L  DATA
The basic hydrom eteorological statistics for central Kweneng are sparse 
and may not be representative, although usable data on daily rainfall and 
potential evaporation for the period 1961—1977 may be derived, in part by 
correction and correlation from neighbouring areas. Moreover, for semi-arid 
environments there is no reliable m ethod available for the calculation o f  
actual evaporation and o f excess rainfall (potential groundwater recharge) 
from the basic data; the point at which actual évapotranspiration rates start 
to fall below potential and the rate at which the discrepancy increases being 
highly controversial topics in soil-water physics. Nevertheless, such calcula­
tions are o f  som e interest in the context o f  the present paper.
Rainfall
Daily rainfall figures are available for Letlhakeng, with the limitation that 
on numerous occasions average values o f the rainfall accumulating during a 
number o f days are reported and that the local spatial variation of rainfall is 
probably high.
These rainfall data (Fig. 5) show that the 1 9 7 6 /1 9 7 7  w et season, preced­
ing the reconnaissance drilling/sampling programme, brought above average 
precipitation, as had five-out-of-six o f  the preceding years. The chemical and 
isotopic profiles o f the sand-cover will thus represent the condition at the 
end o f  the dry season during a relatively w et clim atic cycle.
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P otentia l evaporation
The spatial variation o f potential evaporation over much o f Botswana is 
relatively minor when compared to that for rainfall, so that:
(a) For the hot, partly wet, season (October—May) 5-day values for Gabo­
rone com puted by the short Penman m ethod can be used, adding an empiri­
cal estim ate o f 0 .2 —0 .6  m m /day for correlation to the study area.
(b) For the cool, dry season (June—Septem ber), in which potential evap­
oration is much lower, no comparable values are available but the daily 
evaporation from a standard pan at Gaborone has been used, m ultiplying by 
an empirical factor o f  0.7  to  convert to  potential and adding 0.1 m m /day 
for correction to the field area.
(c) In the few periods where no data o f either type are available, long-term  
average values have to Ix* assumed.
E stim ation  o f  excess rainfall
The m ethod selected for the calculation was that o f  Grindley (1968), in 
which the tw o interdependent factors controlling actual evaporation (soil- 
moisture regime and vegetation type) are characterised by a single mathe­
matical variable known as the “root constant” (RC).
Using various RC-values, the calculation o f  excess rainfall was com m enced  
in O ctober 1961 (at the end o f tlie dry season), assuming the existence o f a 
near-maximum soil moisture deficit (SMO^,,* ), corresponding to the respec­
tive RC. The results o f  the analysis (Fig. 5) suggest that:
(a) For RC = 1 2 5  mm (SMDm%% = 1 8 5  mm) there would have been no 
excess rainfall in the period 1961—1977, except for 10 mm on a single day 
in January 1972.
(b) For RC =  75 mm (SMO^.x — 125 mm) there would have been excess 
rainfall in certain o f  the m onths Decem ber^April in the years 1 9 6 6 /1 9 6 7 , 
1 9 6 7 /1 9 6 8 , 1 9 7 1 /1 9 7 2  and 1 9 7 6 /1 9 7 7  only ; the totals being 260 mm, or 
16 mm/a over the 16-year period.
(c) For RC =  15 mm (SMD^.x =  50 mm) excess rainfall would have 
occurred every year during 1 9 6 1 /1 9 7 7  at a mean rate o f  ~  130 mm/a.
To assess the significance o f these estim ates it is necessary to examine the 
properties o f  the Kalahari sand-cover, and the behaviour o f  its associated 
vegetation, in more detail.
K A LA H A R I SA N D -C O V ER
The Kalahari Sands are essentially aeolian in origin (Boocock and van 
Straten, 1961; Bailleul, 1975), and derived primarily from the weathering 
o f Ecca and Storm berg (Cave) Series sandstones. In m ost areas, including 
central Kweneng, they have been partially redistributed by surface sheet-
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washing and related fluvial processes, bioturbated, and stabilised by vegeta­
tion. They comprise a sequence of red-brown (locally grey) quartz sands up 
to 9 m thick, with uniform (dom inantly fine) grain size. The sands rest upon 
calcrete and are themselves semi-consolidated by calcareous cem ent towards 
their base; the exten t of cem entation was found to vary over short distances 
laterally.
liyd ro p h ysica l properties
Carefully-collected auger samples were subjected to a number o f  simple 
tests in the mobile field laboratory: (a) mechanical grain-size analysis; (b) 
moisture content, and (c) bulk density at field saturation. The former con­
firmed the highly uniform, fairly-well sorted, aeolian character o f the sands 
(Folk graphic mean grain-size o f ~ 2 .4  0  (0 .18  mm), standard deviation o f  
■^0.80; Trask sorting coefficien t o f ~ 1 . 4 ) ,  revealing those horizons where 
fluvial redistribution had occurred and those with incipient cem entation  
(Figs. 6 —8 ). The bulk density o f  the sand samples at field saturation was 
estim ated quite consistently at ~ 1 .4 g /cm ^  (im plying loose packing); al­
though it is realised that substantial errors (perhaps as high as 15%) in tliis 
important parameter may arise as a result o f  sample disturbance. Values 
increased with partial cem entation to at least 1.7 g/cm ^.
The field moisture contents (Fig. 7) at the end o f  the 1977 dry season 
(the time o f sampling) were low , remarkably uniform in distribution and 
showed a broad correlation with grain-size variations. They were mainly in 
the range 1.5—3.5  wt.% (2 .0 —5.0 vol.%, assuming the above bulk density), 
but at the base o f the sands, where partial cem entation was present, increased 
to a m a xim u m  o f 8  wt.% (probably ~  14 vol.%).
Although a gross simplification o f the soil-water physics o f the system , the 
“ moisture d eficit” o f a sand profile can be evaluated from knowledge o f the 
“specific retention”, or “ unit field capacity” , o f  the sand. This is not an easy 
parameter to determine because o f its sensitivity to sorting and packing. A 
centrifuge m ethod, similar to that described by Johnson et al. (1963), was 
used; repacked and pre-saturated samples o f sand o f 1 cm thickness (with  
duplicates) were subjected to centrifugation at 2 0 ° C for 1 hr. at 2560  r.p.m., 
a speed sufficient to create a mean sample tension o f 0 .5  bar (5 m H 2O) and 
assumed to simulate fu ll  (long-term) gravity drainage. This mean tension may 
be rather high and the centrifuge value is believed to be less than the field  
value by a factor o f  1.1—1.3 (Piper, 1933). Som e experim entation on varying 
sample thickness and on reproducibility o f results was undertaken; the latter 
gave a range o f 9 .2—11.4% on a single sample re-tested on six occasions.
The centrifuge specific retention results (Fig. 8 ) fall in the range 4 —15%, 
with values over 8 —1 0 % being recorded only by samples with som e degree 
o f fluvial redistribution or cem entation. Thus values o f unit field capacity of 
6 %, 8 % and 1 0 % have been tentatively taken for non-cem ented, re-distributed 
and partially cem ented sand, respectively, but it is recognised that these
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results may be also subject to significant error l^ecause o f  the use o f  dis­
turbed samples. The field capacity has been estim ated independently by 
sampling bcneatli a cleared, irrigated and covered p lot after allowing four 
days for drainage (A .P.R .U ., 1979); values in the range 6 .2 —8.0  vol.% were 
obtained for 24 samples.
R ole in hydrological cycle
The moisture deficits o f tlie entire sand profiles, and o f  their uppermost 
2 m, at the end o f the 1977 dry season were estim ated using the values for 
unit field capacity (Table II). The upperm ost 2 m, which had deficits in the 
range 80—100 mm, was taken as the range over which moisture would have 
Ijeen unquestionably available to  tropical grasses, since they exhibit signifi­
cant root developm ent down to more tlian 1.5 m depth (Balek, 1977). It is 
probable Uiat tlie moisture contents must have lieen close to “ wilting point” 
at the time o f  survey, since m ost o f the grasses became dormant much earlier 
in the dry season, but it should be noted that this could result from climatic 
factors other than lack o f moisture (A .P.R .U ., 1979). .At these low  moisture 
contents tliermal gradients will become increasingly im portant in the move­
m ent o f soil moisture, at least within the uppermost 1 or 2  m.
During Uie wet season, when rainfall intensities can exceed 50 mm/day  
and 1 0 -day rainfall interm ittently exceeds potential evaporation, the storage 
capacity o f the uppermost 2  m o f sand will be occasionally exceeded and
T A B L E  II
S um m ary  o f  m o is tu re  d e fic it and ch lo ride  c o n te n t in K alahari S and  profiles 
P a ram ete r B orehole  site
By B2 B3 B4 B7 B9
Profile  d e p th  (m ) 6 9 8 ? 9 6
T hickness o f  no n -ccm en ted  sand  (m ) 4 8 5 4 8 3
T o ta l m o is tu re  d e fic it*  (m m ) ? 270 135 9 335 155
M oisture d e fic it dow n  to  2 m 
dep tlt*  (m m ) 80 84 82 84 92 1 0 0
T o ta l Cl in p ro file  (g /m ^ ) 40 64 2 1 9 36 30
U nit Cl in non  cem en ted  sand  (fi/m^ ) 4 4 2 3 3 1
No K alahari S and  was e n co u n te red  a t  b o reh o le  sites B5 and  BS, and E6 was d rilled  in an 
area o u tsid e  th a t  co n sidered  in th is paper.
* A ssum ing low  values o f  u n it field cap ac ity  fo r  non  cem en ted , re d is tr ib u ted  and p a r­
tia lly -cem en ted  sand  o f 6 %, 8 % and  1 0 %, respec tive ly , and  co rresp o n d in g  field bulk 
d ensities o f  1 .4, 1.4 and  1.7 g /cm ^ .
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moisture will penetrate to greater depths. Gravity-aided redistribution o f  
moisture through the profile will proceed rapidly during the first few days, 
but as the saturation reduces the potential gradient, hydraulic conductivity  
and the rate o f moisture m ovem ent will decrease markedly (Youngs, 1958). 
The total moisture storage capacity in sand profiles o f  more than ~ 4 m  
depth (Table II) would only be exceeded, however, following the m ost 
exceptional sequence o f rainfall events, unless the value o f unit field capacity 
has l)een seriously overestimated.
The RC appropriate for grass-covered sand will depend to significant 
degree on how readily the tropical grasses can draw on water stored below  
2 m depth, but in any case is m ost unlikely to be less than 50 mm. Because 
o f the low moisture contents, the soil-water film will probably be discon­
tinuous and upward movement from below  the zo n e  o f  direct roo t in fluence  
can be expected to be an isothermal vapour-phase transfer and, as such, will 
occur at low rates. Any deeper rooted vegetation, such as bushes, is likely to  
draw moisture directly from the full thickness o f  the sand profiles, to con­
tinue some growth throughout the dry season and to be characterised by 
much higher RC-values. All o f the drilling sites were selected to be as remote 
as possible from larger bushes and trees, but it must be remembered that the 
lateral influence o f their roots has been shown to exceed 10 m (A .P.R .U ., 
1979).
The balance o f the meteorological and hydrophysical data, thus, would 
allow occasional infiltration to  significant depths during the w et season, at 
overall mean rates o f perhaps 25—35 m m/a, but this moisture may be largely 
or loudly lost during subsequent dry seasons, either directly or indirectly, by 
évapotranspiration.
CH EM ICA L AND ISO TO PIC  PR O F IL E S  O F  K A LA H A R I BEDS 
E xperim en ta l m ethods
It had been hoped to extract uncontaminated fluid samples in tlie field 
laboratory,' representative, chem ically and isotopically, o f  in situ pore m ois­
ture by a centrifuge extraction technique (Edmunds and Bath, 1976). How­
ever, the sand-moisture contents proved insufficient for any significant fluid 
recovery. Direct bulk élutriation also did not prove feasible because o f the 
unacceptable dilution in relation to Cl determination and o f the production  
o f a colloidal suspension in the elutriate from the ferric staining on the sand 
which interferred with other analyses.
A technique o f  élutriation utilising the centrifuge was thus develo;ied: 
15—20 ml o f deionised water were pipetted onto the top o f each sand sample 
(o f ~"150gm) packed into the four centrifuge liners and the set o f liners was 
spun at 1000 r.p.m. for 5m in . and at ~ 3 0 0 0  r.p.m. for a further 30 min. 
Elutriate recovery was 30—70% and spiking sand samples with NaCl solution
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suggested errors in the estimation of pore-moisture solute concentration o f up 
to a maximum o f ±20%. The m ethod has certain unavoidable disadvantages:
(a) Possible disturbance o f certain mineral—solution equilibria, probably 
invalidating study o f certain ions such as Ca^^, Mg^^, HCO3 .
(b) The dilution e ffect may produce constraints on analytical techniques 
and accuracies.
(c) It provides no access to isotopic com positions o f the pore fluids and 
sample vacuum distillation has to  be used for this purpose.
The chemical studies concentrated on Cl determined in the field labora­
tory by argentiometric micro-titration, supported by som e sodium (Na) 
analyses on return to the base laboratory, using the atom ic absorption spec­
trometer. The analytical results were initially expressed as mg Cl or m gN a  
|>er 1 0 0 -g sample and in the case o f the unconsolidated samples converted to  
m g/1, using tlie appropriate value o f field bulk density.
C l and Na pro files
The dom inant feature o f the Cl (and Na) profiles (Fig. 9) is the increasing 
concentrations with depth, especially in the partially cem ented sand and 
sandy friable calcrete at the base o f the Kalahari Sands. The absence o f a salt 
crust at the surface or at any other level in the sands, and the relatively low  
solute contents measured, imply that som e water is periodically flushing 
downward solutes, which must temporarily accumulate near the surface as 
a result o f évapotranspiration. This process may have been more prominent 
in the recent relatively w et years.
Unfortunately, no long-term records o f the atmospheric fallout o f Cl, and 
other solutes, in the Kalahari are available but it is suspected, from analyses 
o f some recent samples from central Kweneng, that rainfall is likely to have 
contained 0 .05—0.5 mg Cl/1, which represents only 0 .02—0 .2 g C l m~^ a“*. 
From consideration o f the mass balance (Table II), it thus appears that the 
Cl concentrations in the non-cemented sand are consistent with extrem ely  
low net rates o f downward water m ovem ent (certainly less than 5 m m /a and 
probably less than 1 mm/a). The Cl content of the sand-cover, where more 
tJian 4 m in thickness, must represent at verj' least 50 years’ input; although  
its variability is som ewhat surprising. The fact that the Cl concentrations in 
the lower parts o f the sand profiles generally exceed 1 0 0  mg/1 also suggests 
that there has been little recent groundwater recharge, because this value is 
considerably higher than that normally encountered in underlying aquifers.
The Cl contents of the various calcretes and their contained moisture were 
also determined, in the main from air-flush chip samples. Representative 
moisture contents were not, o f course, obtainable from such samples. The 
Cl contents were generally m;my times higher than those o f the overlying 
sand, though in view o f the more localised nature of any groundwater m ove­
m ent through these materials, such results could reflect the process of cal­
crete formation and not, o f necessity, the absence o f  active groundwater
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recharge. It may be significant, however, that in borehole B5 (Fig. 9), where 
sand cover is virtually absent, calcrete Cl contents do not exceed 0 .4 mg per 
1 0 0 -g sample.
The relationship between Cl and Na is not stochiom etric. In the sand pore 
water, Uie CI/Na ratio (using epm) rarely exceeds 2, the corresponding value 
for the calcretes is generally in the range 3—7.
V /  prof iles
The profiles (Fig. 10) are difficult to interpret and cannot be recon­
ciled with any normal conceptual model o f infiltration. All 24 sand samples 
subjected to vacuum distillation exceeded 5 TU, representing p ost-1957/ 
1958 rainfall, and the majority exceeded 1 5 TU, representing post-1963 rain­
fall. The total moisture contents o f the parts o f the profiles with  ^H concen­
tration characteristic of post-1963 rainfall are up to a maximum of 200 mm. 
A distinctive feature o f the profiles is the higli concentrations frequently  
observed in the uppermost 2—3 m and the consistent decrease in  ^H concen­
tration with depth. In southern Africa concentrations o f rainfall have 
decn'ased from maxima in excess o f 30 TU (decayed to 1977) in tlic mid-
Fig. 9. Pore w ater ch lo ride  p ro files for K alahari Beds (O c to b e r—Deceml>or 1977).
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1960’s to 15—20 TU in the 1 9 7 0 ’s and cannot be readily related to  the form 
of the profiles.
Another important observation is that the to ta l a m o u n t o f  con ta ined  
in the pro files is small (less than 5 TU m), even when compared to that con­
tained in a single year o f recent rainfall (estim ate for 197 6 /7 7  at Letlhakeng 
is 10—12 TU m). The presence o f such quantities o f  in the sand-cover 
might l)e explained by transient storage o f  moisture between wetter and 
drier years, or sequences o f years, and does not need to  imply periodic small 
volume infiltration generating slow piston-like m ovem ent of down the 
profile. However, som e o f the concentrations at shallow depths exceed  
those* that are likely to  have been associated with rainfall in the preceding 
1976 /1 9 7 7  w et season (maximum values probably not exceeding 20 TU).
The difference between the and Cl profiles is striking. It is thought to  
be the product o f com plex downward and upward movem ents o f moisture, 
in both the liquid and vapour phases, in response to seasonal surpluses and 
deficits o f  moisture in the surface layers. Seasonal upward m ovem ent, via the 
va;x)ur phase, would result in fractionation and concentration o f Cl and 
other ions towards the base o f the sand profiles; would experience only  
very minor fractionation initially, but if upward m ovem ent o f  moisture 
througfi the sand involved multiple fractionation, significant concentration  
in the litpiid phase could conceivably occur.
c o N C L u n iN c ;  r k m a r k s
While some doubts remain about the interpretation o f  certain aspects of  
each body o f data (m eteorological, hydrophysical, chemical and iso topic) 
presented in this paper, taken collectively they suggest it would be impru­
dent to assume that diffuse groundwater recharge will be actively occurring 
through a Kalahari sand-cover o f more than ~ 4  m depth in areas with annual 
rainfall regimes similar to, or less favourable than, that o f central Kweneng. 
It seems likely that any short-term excess rainfall will be temporarily stored  
in the sands and utilised in subsequent dry seasons by the vegetation-cover 
o f  bush and grass. Indeed this moisture store probably accounts for the 
existence o f the relatively abundant vegetation o f much o f the region.
In those parts o f the Kalaliari where the sand is thinner, excess rainfall will 
occur in some years, and groundwater recharge and/or localised surface run­
o ff will develop, depending on the detail o f  the shallow geology and the 
character of the calcrete.
In the context o f groundwater evaluation and planning for large-scale de­
velopm ent. it is recommended that “ resource m ining” m u st  be assumed, 
unless the existence of extensive, near sand-free tracts can be demonstrated  
from aerial photographs, satellite imagery and ground survey. The presence 
o f active recharge to any deep aquifers in such areas should be confirmed, 
wherever feasible, by isotope and chemical analysis o f first-strike water-table
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samples and by closely-m onitored pilot developm ent o f  the groundwater 
resources.
The tentative conclusion drawn in this paper could be confirmed using soil 
physics instrumentation to m onitor temporal variations in soil water tension  
and moisture content in the Kalahari Sand cover. However, such work would 
be technically and logistically difficult to sustain in Botswana field condi­
tions; for the present it would be advisable to  restrict tliis approach to de­
tailed study, at a few sites, o f changes during a single w et season. Compara­
tive hydrophysical, chemical and isotopic profiling o f the sand cover in one 
area in the north o f  the country and another in the s o u w e s t ,  with mean 
annual rainfalls o f '^550 and -^350 m, respectively, is also recommended.
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ABSTRACT
I n  E u r o p e  t h e  C h a l k  c o n s t i t u t e s  a  m a j o r  s o u r c e  o f  p o t a b l e  w a t e r  s u p p l y .  
I t s  o u t c r o p  f o r m s  e x t e n s i v e  t r a c t s  o f  a g r i c u l t u r a l  l a n d ,  w h e r e  t h e  
g r o u n d w a t e r  r e s o u r c e s  l a r g e l y  o r i g i n a t e  a s  i n f i l t r a t i n g  e x c e s s  r a i n f a l l .  
R e s e a r c h  o n  t h e  u n s a t u r a t e d  z o n e  o f  t h e  a q u i f e r  b e n e a t h  s u c h  c u l t i v a t e d  
l a n d  s h o u l d  a l l o w  a n  a s s e s s m e n t  o f  n u t r i e n t  l e a c h i n g  l o s s e s  f r o m  t h e  
a s s o c i a t e d  h i g l i l y - p e r m o a b l e  s o i l s  a n d  t h e  p r e d i c t i o n  o f  f u t u r e  
g r o u n d w a t e r  q u a l i t y  t r e n d s .  P o r e - w a t e r  p r o f i l e s  f o r  n i t r a t e ,  a n d  
n u m e r o u s  o t h e r  c o n s t i t u e n t s , f r o m  a  s i t e  o f  e x c e p t i o n a l l y  d e t a i l e d  
s t u d y  a r e  p r e s e n t e d ,  a n d  c o m p a r e d  t o  r e s u l t s  f r o m  s i t e s  e l s e w h e r e  i n  
e a s t e r n  E n g l a n d ,  t o  d e m o n s t r a t e  t h e  i m p a c t  o f  m o d e r n  a r a b l e  a g r i c u l t u r e .  
E n v i r o n m e n t a l  i s o t o p e s  h a v e  a l s o  b e e n  i n v e s t i g a t e d  i n  d e p t h  t o  a i d  t h e  
s t u d y .  T h e  p r o b l e m s  i n  e v a l u a t i n g  t h e  e v o l u t i o n  o f  t h e  u n s a t u r a t e d  z o n e  
p r o f i l e s  a r e  d i s c u s s e d .
INTRODUCTION
G e n e r a l  B a c k g r o u n d
I n  t h e  l a s t  f e w  y e a r s ,  a  n u m b e r  o f  p a p e r s  h a v e  b e e n  p u b l i s h e d  r e v i e w i n g  
t h e  p r o g r e s s  o f  c o n f i n i n g  B r i t i s h  r e s e a r c h  i n t o  t h e  i m p a c t  o f  a g r i c u l ­
t u r a l  p r a c t i c e s  o n  g r o u n d w a t e r  q u a l i t y  ( F o s t e r  & Y o u n g ,  1 9 7 9  & 1 9 8 0 ;  
O a k e s  e t  a l ,  1 9 8 1 ;  F o s t e r  e t  a l ,  1 9 8 2 ) .  T h e i r  c o n c l u s i o n s  c a n  b e  t h u s  
s u m m a r i s e d  :
( a )  M o d e r n  a r a b l e  f a r m i n g  p r a c t i c e  i s  l e a d i n g  i n d i r e c t l y  t o  m a j o r
l e a c h i n g  o f  n i t r a t e ,  a n d  o t h e r  s o l u t e s ,  f r o m  t h e  f r e e l y - d r a i n e d  
s o i l s  c h a r a c t e r i s t i c  o f  t h e  m a i n  a q u i f e r  o u t c r o p s .
( b )  T h e  c h e m i c a l  q u a l i t y  o f  g r o u n d w a t e r  s u p p l i e s  p u m p e d  f r o m  t h e  m a i n  
a q u i f e r s  h a s ,  i n  m o s t  c a s e s ,  o n l y  r e c e n t l y  b e g u n  t o  r e f l e c t  t h e  
r a d i c a l  c h a n g e s  i n  a r a b l e  a g r i c u l t u r e  t h a t  w e r e  i n i t i a t e d  so m e  
2 0 - 3 0  y e a r s  a g o ;  t h i s  t h e  c o m b i n e d  r e s u l t  o f  d e l a y e d  s o i l  r e s p o n s e ,  
a  s i g n i f i c a n t  o r  d o m i n a n t  c o m p o n e n t  o f  s l o w  s o l u t e  m i g r a t i o n  i n  t h e  
u n s a t u r a t e d  z o n e  a n d  c o n s i d e r a b l e  d i s p e r s i o n  d u r i n g  l a t e r a l  f l o w  t o  
p r o d u c t i o n  b o r e h o l e s  i n  t h e  s a t u r a t e d  z o n e .
( c )  T h e  d e t a i l e d  m o d e l  o f  s o l u t e  t r a n s p o r t  i n  b o t h  t h e  u n s a t u r a t e d  a n d  
s a t u r a t e d  z o n e s  o f  t h e  m a i n  ( p o r o u s ,  f i s s u r e d ,  b e d r o c k )  a q u i f e r s  
a n d  t h e  s i g n i f i c a n c e  o f  i n - s i t u  d e n i t r i f i c a t i o n  r e q u i r e  c l a r i f i c a ­
t i o n  b y  f u r t h e r  i n v e s t i g a t i o n  a n d  l o n g - t e r m  m o n i t o r i n g  o f  s o l u t e  
a n d  i s o t o p e  d i s t r i b u t i o n s .
O f  g r e a t e s t ,  a n d  m o s t  i m m e d i a t e ,  c o n c e r n  a r e  n u m e r o u s  r e g i o n s  o f  e a s t e r n  
E n g l a n d ,  w h e r e  m o s t  l a n d  i s  now  u s e d  f o r  n e a r - c o n t i n u o u s  c e r e a l  c r o p p i n g  
s u s t a i n e d  b y  l a r g e  a p p l i c a t i o n s  o f  i n o r g a n i c  f e r t i l i s e r s .  A s i n g l e  
a n n u a l  c r o p ,  g e n e r a l l y  s o w n  i n  O c t o b e r  o r  M a r c h ,  i s  c u l t i v a t e d  w i t h o u t  
s i g n i f i c a n t  i r r i g a t i o n .  R a i n f a l l  a v e r a g e s  6 0 0 - 8 0 0  m m /a ,  p o t e n t i a l  
é v a p o t r a n s p i r a t i o n  4 5 0 - 5 5 0  m m /a  aind e x c e s s  r a i n f a l l  1 5 0 - 3 0 0  m m /a ,  t h e  
l a t t e r  g e n e r a l l y  o c c u r r i n g  i n  t h e  m o n t h s  N o v e m b e r - M a r c h .
R e s e a r c h  S i t e  C o n d i t i o n s
T h i s  p a p e r  d i s c u s s e s  p r i m a r i l y  t h e  r e s u l t s  o f  u n s a t u r a t e d  z o n e  i n v e s t i ­
g a t i o n s  a t  a  s i t e  o n  t h e  C h a l k  n e a r  C a m b r i d g e  (k n o w n  l o c a l l y  a s  F l e a m  
D y k e ) . T h e  s i t e  i s  6 0  ra s q  a n d  p a r t  o f  a  l a r g e  f l a t  f i e l d ,  f a i r l y  
t y p i c a l  o f  a g r i c u l t u r a l  l a n d  o n  t h e  a q u i f e r  o u t c r o p  i n  e a s t e r n  E n g l a n d ,  
w h i c h  h a s  b e e n  i n  a r a b l e  f a r m i n g  f o r  a t  l e a s t  4 0  y e a r s .  F i f t e e n  c e r e a l  
c r o p s  w e r e  c u l t i v a t e d  d u r i n g  t h e  p e r i o d  1 9 6 0 - 8 0  w i t h  i n o r g a n i c  
f e r t i l i s e r  a p p l i c a t i o n s  m a i n l y  i n  t h e  r a n g e  6 0 - 1 0 0  k g  N / h a / a ,  a n d  
4 0 - 5 5  k g / h a / a  o f  b o t h  P ^O ^  a n d  K^O, h i g h e r  r a t e s  b e i n g  a p p l i e d  i n  s p l i t  
a p p l i c a t i o n  t o  w i n t e r - s o w n  c e r e a l s .  S u g a r  b e e t  a n d  p e a s  h a v e  b e e n  t h e  
o n l y  o t h e r  c r o p s .  F e r t i l i s e r  a p p l i c a t i o n  r a t e s  a r e  b e l i e v e d  t o  h a v e  
i n c r e a s e d  g r e a t l y  d u r i n g  t h e  p e r i o d  1 9 5 0 - 6 0  w i t h  i n c r e a s i n g l y  f r e q u e n t  
c e r e a l  c r o p p i n g  a n d ,  a t  t h i s  s i t e ,  h a v e  b e e n  r e d u c e d  m a r g i n a l l y  s i n c e  
1 9 7 5 .  C a m b r i d g e  i s  o n e  o f  t h e  d r i e s t  p a r t s  o f  e a s t e r n  E n g l a n d  a n d  t h e
s i t e  i s  e s t i m a t e d  t o  h a v e  a  l o n g - t e r m  a v e r a g e  e x c e s s  r a i n f a l l  o f  a b o u t  
1 7 0  m m /a .  I n  r e c e n t  y e a r s  c l i m a t i c  c o n d i t i o n s  h a v e  b e e n  e x t r e m e ,  t h e  
p r o l o n g e d  d r o u g h t  w h i c h  e n d e d  i n  a u t u m n  1 9 7 6  b e i n g  f o l l o w i n g  b y  t h r e e  
u n u s u a l l y  w e t  w i n t e r s  a n d  s p r i n g s ,  w i t h ,  f o r  e x a m p l e ,  m a j o r  i n f i l t r a t i o n  
o c c u r r i n g  a s  l a t e  a s  May i n  1 9 7 8 .
H y d r o g e o l o g i c a l l y  t h e  s i t e  i s  o n  M i d d l e  C h a l k  w i t h  a  g r o u n d w a t e r  t a b l e  
n o t  t h o u g h t  e v e r  t o  r i s e  a b o v e  15 m d e p t h .  T h e  C h a l k  i s  a  p u r e ,  h i g h l y  
p o r o u s ,  l i m e s t o n e ,  b u t  a t  t h i s  s i t e ,  a s  i n  m u c h  o f  e a s t e r n  E n g l a n d ,  i t  
i s  s l i g h t l y  m o r e  m a r l y  a n d  l e s s  h o m o g e n e o u s  ( F i g  1) t h a n  t h e  U p p e r  C h a l k  
o f  s o u t h e r n  E n g l a n d .  B e n e a t h  t h e  t h i n  ( 0 . 3  m) c o v e r  o f  l o a m y  c a l c a r e o u s  
s o i l ,  t h e  C h a l k  i s  d e e p l y - c r y o t u r b a t e d  t o  a  d e p t h  o f  a b o u t  2 . 0  m ( F i g  1 ) ;  
t h e  b a s a l  p a r t  o f  t h i s  s t r u c t u r e l e s s  z o n e  b e i n g  e x c e p t i o n a l l y  m a r l y  a n d  
u n d e r l a i n  b y  a  0 . 5  m t h i c k  h a r d e r  b e d  o f  l o w e r  p o r o s i t y .  T h e  e x c e e d i n g l y  
s m a l l  p o r e  s i z e s  o f  t h e  C h a l k  m a t r i x  ( F i g  1 )  m e a n  t h a t  h y d r a u l i c  c o n d u c ­
t i v i t i e s  a r e  v e r y  lo w  ( l e s s  t h a n  1 0   ^ m / d  a t  s a t u r a t i o n )  a n d  t h a t  
g r a v i t y  d r a i n a g e  i s  a l m o s t  e n t i r e l y  i n h i b i t e d ,  t h e  C h a l k  m a t r i x  r e m a i n ­
i n g  v e r y  c l o s e  t o  s a t u r a t i o n  b e l o w  1 . 5  m d e p t h ,  t h e  z o n e  o f  p l a n t  
i n f l u e n c e .  I n  e x c a v a t i o n s  t h e  C h a l k  c a n  b e  s e e n  t o  b e  t r a v e r s e d  b y  a  
l a r g e  n u m b e r  o f  h i g h - a n g l e  j o i n t s ,  w h o s e  n e t  a f f e c t  i s  t o  p r o d u c e  a  
b r o k e n  a s p e c t  w i t h  i n d i v i d u a l  b l o c k s  c o m m o n ly  l e s s  t h a n  5 0  mm s i z e .  T h e  
r e s u l t i n g  s y s t e m  o f  f i n e  f i s s u r e s  i s  b e l i e v e d  t o  b e  c h a r a c t e r i s e d  b y  
a p e r t u r e s  o f  0 . 0 5 - 5 . 0  mm.
I n v e s t i g a t i o n  M e t h o d s
I t  h a s  n o t  p r o v e d  f e a s i b l e  t o  o p e r a t e  s u c t i o n  s a m p l e r s  i n  t h e  C h a l k  
u n s a t u r a t e d  z o n e  a n d  a l l  s a m p l e s  h a v e  b e e n  o b t a i n e d  b y  d e s t r u c t i v e  
m e t h o d s .  I n  t h e  c a s e  o f  t h e  C a m b r i d g e  s i t e ,  d r y  p e r c u s s i o n  s a m p l i n g  
w i t h  a  d r i v e  c o r e  b a r r e l  w a s  e m p l o y e d ,  b u t  e l s e w h e r e  a i r - f l u s h  r o t a r y  
d r i l l i n g  w i t h  a  l i n e d  d o u b l e  c o r e  b a r r e l  w a s  n e c e s s a r y .  A l l  s a m p l e s  
w e r e  v e r y  c a r e f u l l y  h a n d l e d  a n d  s t o r e d  t o  m i n i m i s e  e v a p o r a t i o n  a n d  c o n ­
t a m i n a t i o n  p r i o r  t o  a n a l y s i s .  P o r e  w a t e r  f r o m  s e l e c t e d  d e p t h  i n t e r v a l s  
w a s  e x t r a c t e d  b y  h i g h - s p e e d  c e n t r i f u g a t i o n  ( e x c e p t  i n  t h e  c a s e  o f  
t r i t i u m  s a m p l e s  w h e r e  v a c u u m  d i s t i l l a t i o n  t o  c o m p l e t e  d r y n e s s  w a s  
p r e f e r r e d )  a n d  a n a l y s e d  b y  a  r a n g e  o f  a u t o m a t e d  s t a n d a r d  c h e m i c a l  a n d
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i s o t o p i c  t e c h n i q u e s  a d a p t e d  f o r  s m a l l  v o l u m e  w a t e r  s a m p l e s .
W a t e r  & S o l u t e  M o v e m e n t
S o i l  p h y s i c s  r e s e a r c h  h a s  a l s o  b e e n  c a r r i e d  o u t  a t  t h e  s i t e ;  i n - s i t u  
m e a s u r e m e n t s  o f  u n s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  s o i l  m o i s t u r e  c o n ­
t e n t  a n d  p o t e n t i a l  a l l o w i n g  c o m p u t a t i o n  o f  u n s a t u r a t e d  z o n e  w a t e r  f l u x e s  
a n d  p a t h w a y s  ( W e l l i n g s  e t  a l ,  1 9 8 2 ) .  I n  s u m m a r y ,  t h e  C h a l k  u n s a t u r a t e d  
z o n e  p o r e  w a t e r ,  t o  w h i c h  t h e  s o l u t e  p r o f i l e s  r e l a t e ,  i s  b e l i e v e d  t o  b e  
r e l a t i v e l y  i m m o b i l e  b e l o w  a b o u t  1 . 5  m d e p t h ,  w i t h  d o w n w a r d  s o l u t e  t r a n s ­
p o r t  c o n t r o l l e d  b y  a  m e c h a n i s m  i n v o l v i n g  e x c h a n g e ,  t h r o u g h  l a t e r a l  
m o l e c u l a r  d i f f u s i o n ,  b e t w e e n  t h e  p o r e  w a t e r  a n d  m o b i l e  m i c r o f i s s u r e  
w a t e r  ( F o s t e r ,  1 9 7 5 ) .  T h u s ,  i n t e r m i t t e n t l y ,  s o l u t e s  a r e  e l u t e d  f r o m  
h i g h  c o n c e n t r a t i o n  ' r e g i o n s '  i n  t h e  m a t r i x  a n d  t r a n s f e r r e d  t o  l o w e r  
c o n c e n t r a t i o n  ' r e g i o n s ’ a l o n g  t h e  f l o w  d i r e c t i o n .  T h i s  m e c h a n i s m  i s  
s e n s i t i v e  t o  v a r i a t i o n s  i n  r a t e  amd d u r a t i o n  o f  f i s s u r e  f l o w  ( a  f u n c t i o n  
o f  i n t e n s i t y  o f  i n f i l t r a t i n g  r a i n f a l l ) , f i s s u r e  g e o m e t r y ,  m a t r i x  
p o r o s i t y  a n d  a q u e o u s  d i f f u s i o n  c o e f f i c i e n t  ( B a r k e r  & F o s t e r ,  1 9 8 1 ) .  
N o n - d i s p e r s i v e  s o l u t e  m o v e m e n t  i n  s u c h  a  f o r m a t i o n  i s  a  r a t h e r  s p e c i a l  
c a s e .  C o n v e r s e l y ,  a  c o m p l e t e  ’ b y - p a s s '  o f  t h i s  s l o w  m od e  o f  s o l u t e  
m o v e m e n t  c a n  o c c u r  w h e n  t h e  i n f i l t r a t i o n  c a p a c i t y  o f  t h e  m i c r o f i s s u r e  
s y s t e m  i s  e x c e e d e d ,  t h e  r e s u l t i n g  f u r t h e r  d e c r e a s e  i n  s o i l  m o i s t u r e  
p o t e n t i a l  a l l o w i n g  v e r y  r a p i d ,  s h o r t  d u r a t i o n ,  g r o u n d w a t e r  f l o w s  i n  t h e  
m a c r o f i s s u r e s .
I t  s h o u l d  b e  n o t e d  t h a t  a  d i f f e r e n t  m e c h a n i s m  o f  w a t e r  a n d  s o l u t e  t r a n s ­
p o r t  m ay  b e  o p e r a t i v e  i n  o t h e r  a r e a s ,  e s p e c i a l l y  o n  t h e  C h a l k  o f  
s o u t h e r n  E n g l a n d  ( W e l l i n g s  e t  a l ,  1 9 8 2 ) .
PORE WATER PR O FILE S
N i t r o g e n  S p e c i e s
S i x  NO^-N p r o f i l e s  w e r e  d e t e r m i n e d  d u r i n g  i n i t i a l  i n v e s t i g a t i o n  i n  May 
1 9 7 9 .  T h e  s h a p e  o f  e a c h  p r o f i l e  w a s  r e m a r k a b l y  s i m i l a r  b u t  l a t e r a l l y ,  
a t  t h e  s a m e  d e p t h ,  c o n c e n t r a t i o n s  v a r i e d  q u i t e  w i d e l y  ( F i g  2 ) .  T h e  
p r o f i l e s  r e v e a l e d  v e r y  h i g h  NO^-N c o n c e n t r a t i o n s  w i t h  a  ' f r o n t '  o f  
m a j o r  p r o p o r t i o n s  a t  4 - 8  m d e p t h .  O v e r  t h e  d e p t h  r a n g e  t o  t h e  b a s e  o f  
t h e  f r o n t  ( a t  8 m) t h e  p r o f i l e s  c o n t a i n  m o r e  t h a n  1 1 0 0  k g  N O ] - N / h a .
C o m p a r a b l e  p r o f i l e s  b u t  w i t h  g e n e r a l l y  l o w e r  c o n c e n t r a t i o n s  a n d  d e e p e r  
f r o n t s  ( T a b  1) h a v e  b e e n  o b s e r v e d  i n  n u m e r o u s  a r a b l e  f i e l d s  i n  t w o  o t h e r  
r e g i o n s  o f  e a s t e r n  E n g l a n d  ( F o s t e r  e t  a l ,  1 9 8 2 ) .
E v i d e n c e  f o r  t h e  m o v e m e n t  o f  t h e  p r o f i l e s  d u r i n g  t h e  p e r i o d  May 1 9 7 9 -  
S e p t e m b e r  1 9 8 1  i s  n o t  c o n c l u s i v e ,  a l t h o u g h  l i t t l e  w a s  e x p e c t e d  s i n c e  
t h e  i n f i l t r a t i o n  c o u l d  n o t  h a v e  e x c e e d e d  2 6 0  mm, e q u i v a l e n t  t o  t h e  
m o i s t u r e  c o n t e n t  o f  l e s s  t h a n  1 m d e p t h  o f  C h a l k .  T h e  d o m i n a n t  f e a t u r e  
i s  t e m p o r a l  v a r i a t i o n  o f  c o n c e n t r a t i o n  n o t  o n l y  i n  t h e  s u b - s o i l  b u t  
t h r o u g h o u t  t h e  u p p e r m o s t  4 - 5  m o f  t h e  p r o f i l e  ( F i g  2 ) .  T h i s  m i g h t  b e  
a t t r i b u t e d  t o  n a t u r a l  l a t e r a l  s i t e  v a r i a t i o n s  a n d / o r  t o  i n - s i t u
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F i g u r e  2 :  N O^-N p r o f i l e s  o f  C h a l k  u n s a t u r a t e d  z o n e  a t
C a m b r i d g e  s i t e
l o c a t i o n
( d a t e )
c o n c e n t r a t i o n
( m g /1 )
N O j-N
S ° 4 C l C a
C a m b r i d g e t
( 1 9 7 9 - 8 1 )
p e a k  
u n i f o r m  
( a t  d e p t h )
4 0 - 7 0
15
(8  m)
1 7 0 - 2 1 0  
5 0  
(1 2  m)
8 0 - 1 4 0
4 0
(6  m)
2 1 0 - 2 5 0
?
(9 + m )
N o r t h - W e s t
N o r f o l k
( 1 9 7 6 - 7 9 )
p e a k  
u n i f o r m  
( a t  d e p t h )
2 0 - 4 0  
15  
( 1 5  m)
9 0 - 1 6 0  
3 0  
( 1 8  m)
< 1 0 0 *  
4 0  
( 1 5  m*)
1 1 0 - 1 6 0  
8 0  
(1 5  m)
E a s t
Y o r k s h i r e
( 1 9 7 8 - 7 9 )
p e a k  
u n i f o r m  
( a t  d e p t h )
< 5 0 *  
15  
(1 2  m*)
< 1 3 0 *  
5 0  
( 1 8  m*)
< 8 0 *  
3 0  
( 1 5  m*)
< 1 6 0 *  
9 0  
( 1 5  m*)
S3e F i g  2 & 4 f o r  a c t u a l  p r o f i l e s  o f  N O ^ -N , S O ^ ,  C l
*
h i g h e s t  c o n c e n t r a t i o n s  i n  u p p e r  p a r t  o f  p r o f i l e  b u t  pea ik  
n o t  c l e a r l y  d e f i n e d
T a b l e  1 :  S u m m a ry  o f  c h e m i c a l  p o r e - w a t e r  p r o f i l e s  i n  C h a l k  u n s a t u r a t e d
z o n e  b e n e a t h  l o n g - s t a n d i n g  a r a b l e  l a n d
d e n i t r i f i c a t i o n .  A l t h o u g h  t h e  l a t t e r  a p p e a r s  u n l i k e l y  i t  c a n n o t  b e  
d i s c o u n t e d ,  s i n c e  s i g n i f i c a n t  ( i n s o l u b l e )  o r g a n i c  c a r b o n  a n d  so m e  
n i t r a t e - r e d u c i n g  b a c t e r i a  h a v e  b e e n  i d e n t i f i e d  a t  d e p t h  i n  t h e  C h a l k  
u n s a t u r a t e d  z o n e  a t  so m e  o t h e r  s i t e s  ( W h i t e l a w  & R e e s ,  1 9 8 0 ) .  P o r e -  
w a t e r  N H^-N c o n c e n t r a t i o n s  i n  e x c e s s  o f  0 . 1  m g / 1  h a v e  b e e n  r e c o r d e d  a t  
t h e  r e s e a r c h  s i t e  i n  t h e  d e p t h  r a n g e  0 - 1 . 0  m a n d  3 . 0 - 4 . 5  m a n d  m u s t  
r e f l e c t  m u c h  h i g h e r  c o n c e n t r a t i o n s  i n  t h e  a b s o r b e d  p h a s e .
A l t h o u g h  t h e  o v e r a l l  f o r m  o f  t h e  N O^-N p r o f i l e s  i s  b r o a d l y  c o n s i s t e n t  
w i t h  i n c r e a s i n g  l e a c h i n g  l o s s e s  r e s u l t i n g  f r o m  i n c r e a s e d  p o s t - 1 9 6 0  u s e  
o f  i n o r g a n i c  f e r t i l i s e r s ,  t h e  d e p t h  a n d  m a g n i t u d e  o f  t h e  p e a k  c o n c e n ­
t r a t i o n s  a r e  d i f f i c u l t  t o  a c c o u n t  f o r  b y  a n y  r e l a t i v e l y  s i m p l e  m o d e l  o f  
s o i l  n i t r a t e  a v a i l a b i l i t y  a n d  u n s a t u r a t e d  z o n e  s o l u t e  m o v e m e n t .
E n v i r o n m e n t a l  I s o t o p e s
T h e  p r o f i l e s  ( F i g  2 )  s h o w  t h e  c h a r a c t e r i s t i c  ' p e a k '  w h i c h  m u s t  h a v e  
o r i g i n a t e d  f r o m  f a l l o u t  i n  t h e  s p r i n g  r a i n . o f  1 9 6 2 ,  1 9 6 3  a n d  1 9 6 4 .  
H o w e v e r ,  t h e  ' p e a k '  a t  t h i s  s i t e  i s  a t  s h a l l o w e r  d e p t h  ( 5 - 8  m) a n d  l e s s  
d e f i n e d  t h a n  a t  s o m e  o t h e r  s i t e s .
T h e  i n t e r p r e t a t i o n  o f  s u c h  p r o f i l e s  f r o m  t h r e e  s i t e s  o n  t h e  B r i t i s h  
C h a l k  h a s  b e e n  c o m p r e h e n s i v e l y  d i s c u s s e d  b y  F o s t e r  & S m i t h - C a r i n g t o n  
( 1 9 8 0 )  a n d  t h e i r  o b s e r v a t i o n s  a r e  r e l e v a n t  a t  t h i s  s i t e  a l s o .  I f  a  n o n -  
d i s p e r s i v e  ( ' p i s t o n - w i s e ' )  d o w n w a r d  m o v e m e n t  o f  i s  a s s u m e d ,  p o s t - 1 9 6 1  
^H w o u l d  b e  c o n s i d e r e d  t o  o c c u p y  t h e  u p p e r m o s t  8 m o f  t h e  C a m b r i d g e  
p r o f i l e s  a n d  w o u l d  t o t a l  so m e  3 3 0  TUm, i n  a b o u t  2 7 0 0  mm o f  w a t e r .  
A c c e p t i n g  t h e  u n c e r t a i n t y  a b o u t  f a l l o u t  i n  t h e  r a i n f a l l  a t  t h i s  s i t e ,  
i t  i s  s t i l l  o n l y  p o s s i b l e  t o  a p p r o a c h  a  s a t i s f a c t o r y  m a s s  b a l a n c e  
( b e t w e e n  t h e  p r o f i l e  a n d  i n f i l t r a t i o n )  i f  a  c o n s i d e r a b l e  p r o p o r t i o n  
o f  s u m m e r  r a i n f a l l  p e n e t r a t e s  t o  2 m d e p t h  o r  m o r e  a n d  r e s i d e s  f o r  
s u f f i c i e n t  t i m e ,  i n  c o n t a c t  w i t h  t h e  m o i s t u r e  ' b u f f e r '  r e t a i n e d  a t  
h i g h e r  t e n s i o n s ,  f o r  i s o t o p i c  a n d  s o l u t e  c o m p o s i t i o n s  t o  e q u i l i b r a t e  
( i  e :  a  ' s o i l  m o i s t u r e  s t o r e '  c o n s i d e r a b l y  g r e a t e r  t h a n  5 0 0  mm i s  
o p e r a t i v e ) . E v e n  g i v e n  t h e  o p e r a t i o n  o f  t h i s  m e c h a n i s m  t h e  c o n c e n ­
t r a t i o n s  i n  t h e  u p p e r  m o s t  3 m o f  t h e  p r o f i l e s  a r e  h i g h  w h e n  c o m p a r e d  
t o  t h o s e  o f  p o s t - 1 9 7 5  r a i n f a l l  i n  e a s t e r n  E n g l a n d ,  w h i c h  o n l y  o c c a s i o n ­
a l l y  e x c e e d  1 0 0  TU. T h e  r e a s o n  f o r  t h i s  i m p o r t a n t  a n o m a l y  i s  s t i l l  
u n d e r  i n v e s t i g a t i o n .
T h e  o v e r a l l  s h a p e  o f  t h e  p r o f i l e s  f r o m  t h i s  s i t e ,  a n d  t h e  d i f f i c u l t y  i n  
s i m u l a t i n g  t h e i r  m a j o r  f e a t u r e s  w i t h  a n y  s i m p l e  m o d e l  o f  t h e  i n p u t  a n d  
t r a n s p o r t  m e c h a n i s m s ,  s u g g e s t  t h a t  t h e  d o w n w a r d  m o v e m e n t  o f  b e l o w  a  
d e p t h  o f  2 - 3  m i s  a l s o  s o m e w h a t  d i s p e r s i v e ,  w i t h  c h a r a c t e r i s t i c  ' f o r w a r d  
t a i l i n g '  a n d  ' p e a k  r e t a r d a t i o n '  ( B a r k e r  & F o s t e r ,  1 9 8 1 ) .
T h e  s t a b l e  i s o t o p e  r a t i o s  (* H /^ H  a n d  ^ ® 0 / ^ ^ 0 )  h a v e  a l s o  b e e n  i n v e s t i ­
g a t e d .  L a r g e  s e a s o n a l  f l u c t u a t i o n s  i n  t h e  i s o t o p i c  c o m p o s i t i o n  o f  r a i n ­
f a l l  h a v e  b e e n  m e a s u r e d  a t  t h e  s i t e ,  w i t h  i s o t o p i c a l l y - l i g h t  r a i n f a l l  i n  
t h e  w i n t e r  m o n t h s ,  b u t  a  f a i r l y  c o n s t a n t  l o n g - t e r m  w e i g h t e d  a n n u a l  m e a n  
i s  a s s u m e d .
T h e  m o s t  s i g n i f i c a n t  f e a t u r e s  o f  t h e  r e s u l t s  a r e ;
( a )  A p p a r e n t  d i s c r e p a n c y  b e t w e e n  t h e  w e i g h t e d  m e a n  c o m p o s i t i o n  o f  
r e c e n t  r a i n f a l l  (6 ^ H  = - 6 0  ° / o o ;  =  - 8 . 5  ° / o o )  a n d  t h e  u n i f o r m  
c o m p o s i t i o n  o f  u n s a t u r a t e d  z o n e  p o r e  w a t e r  ( b e l o w  a b o u t  3 m d e p t h ) , 
t h e  d r a i n a g e  o f  a  5 m d e e p  l y s i m e t e r  o n  a n  a d j a c e n t  g r a s s  s i t e  a n d  
t h e  l o c a l  s a t u r a t e d  z o n e  g r o u n d w a t e r  ( F i g  3 ) .
( b )  V a r i a b l e  c o m p o s i t i o n  o f  t h e  u p p e r m o s t  2 - 3  m o f  t h e  p r o f i l e ;  t h e  
s h i f t  i n  c o m p o s i t i o n  f r o m  i s o t o p i c a l l y  l i g h t  i n  May 1 9 7 9  t o  h e a v y  
i n  O c t o b e r  1 9 8 0 ,  f o r  e x a m p l e ,  b e i n g  m a r k e d  ( F i g  1 ) .
T h e  r e s u l t s  s u g g e s t  a  m e c h a n i s m  w h i c h  p r o d u c e s  a  ' s e l e c t i v e '  n e t  i n f i l ­
t r a t i o n  o f  i s o t o p i c a l l y - h e a v y  w a t e r  r e l a t i v e  t o  a v e r a g e  r a i n f a l l  a n d  
s u p p o r t  t h e  c o n c e p t  o f  r a p i d  p e n e t r a t i o n  o f  s u m m e r  r a i n f a l l ,  a n d  m i x i n g  
w i t h  ' s t o r e d '  s o i l  m o i s t u r e  p r i o r  t o  é v a p o t r a n s p i r a t i o n ,  o v e r  t h e  
u p p e r m o s t  2 m o r  s o  o f  t h e  p r o f i l e .  A t  o t h e r  s i t e s  w i t h  m o r e  c l e a r l y  
d e f i n e d  p e a k s  s m a l l  c y c l i c  v a r i a t i o n s  i n  a n d  o f  s e a s o n a l
o r i g i n ,  o c c u r  o v e r  so m e  m e t r e s  d e p t h  ( B a t h  e t  a l ,  1 9 8 2 ) ,  s u g g e s t i n g  
l e s s  m i x i n g  i n  t h e  u p p e r  z o n e .
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F i g u r e  3 :  S u m m a ry  o f  s t a b l e  i s o t o p e  d a t a  f o r  C a m b r i d g e  C h a l k  s i t e
C h l o r i d e
T h e  p o r e  w a t e r  p r o f i l e s  f o r  a  n o n - r e a c t i v e ,  c o n s e r v a t i v e  i o n ,  s u c h  a s  C l  
a l s o  a i d  t h e  i n t e r p r e t a t i o n  o f  s o l u t e  m o v e m e n t .  B o t a n i c a l l y ,  c h l o r i d e  
i s  a  n o n - n u t r i e n t ,  a l t h o u g h  i t  m ay  b e  t a k e n  i n t o  so m e  r o o t  c r o p s  
( n o t a b l y  s u g a r  b e e t )  a n d  p l a n t  s a p s .
T h e  C l  p r o f i l e s  f o r  t h e  C e u n b r id g e  s i t e  e x h i b i t  a  s i m i l a r  f o r m  t o  t h o s e  
f o r  N O g -N , b u t  w i t h  a  s o m e w h a t  n a r r o w e r  p e a k  ( F i g  4 ) .  T h e  C l  f a l l o u t  
i n  r a i n  l e a d s ,  a f t e r  s o i l  c o n c e n t r a t i o n ,  t o  a  g r o u n d w a t e r  c o m p o s i t i o n  o f  
so m e  1 5  m g / 1  a n d  a l l  C l  a b o v e  t h i s  b a c k g r o u n d  m u s t  b e  d e r i v e d  f r o m  
p o t a s h  f e r t i l i s e r  ( a l m o s t  i n v a r i a b l y  K C l)  a n d  c e r t a i n  o t h e r  s o i l  t r e a t ­
m e n t s  .
I n  com m on w i t h  t h e  NO^-N a n d  p r o f i l e s ,  w h e n  a  n o n - d i s p e r s i v e  d o w n w a r d  
m o v e m e n t  i s  a s s u m e d ,  s o m e  p r o b l e m s  o f  i n t e r p r e t a t i o n  a r i s e  a n d  a l s o
pore-water concentration (mg/l) 
100 150 200
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Sept 1981
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F i g u r e  4 :  C l  a n d  SO^ p r o f i l e s  o n  C h a l k  u n s a t u r a t e d
z o n e  a t  C a m b r i d g e  s i t e
a r g u e  a g a i n s t  t h i s  s i m p l e  m o d e l  o f  s o l u t e  m i g r a t i o n :
( a )  T h e  m a s s  o f  C l  a b o v e  ' r a i n f a l l  b a c k g r o u n d '  t o  8 m d e p t h  i n  t h e  
p r o f i l e ,  ( o v e r  1 3 0 0  k g / h a )  i s  c o n s i d e r a b l y  m o r e  t h a n  t h e  t o t a l  
a p p l i e d  s i n c e  1 9 6 1  i n  f e r t i l i s e r s ,  s o m e  9 0 0  k g / h a .
(b )  T h e  p r o f i l e  s h a p e  i s  n o t  c o n s i s t e n t  w i t h  t h e  h i s t o r i c  r e c o r d  o f  
f e r t i l i s e r  a p p l i c a t i o n s ,  p a r t i c u l a r l y  i n  r e s p e c t  o f  t h e  p e a k  w i d t h  
a n d  m a g n i t u d e .
C a -C O ^ - S O ^ E q u i l i b r i a
V e r y  h i g h  c o n c e n t r a t i o n s  o f  SO^ i n  p o r e  w a t e r  p r o f i l e s ,  w i t h  a  m a j o r  
' f r o n t '  i n  t h e  d e p t h  r a n g e  5 - 1 2  m, h a v e  b e e n  d e t e c t e d  ( F i g  4 ) ;  t h e  C a 
p r o f i l e s  a r e  s i m i l a r  t o  t h o s e  f o r  S O ^ .  C o m p a r a b l e  p r o f i l e s  h a v e  b e e n  
o b s e r v e d  a t  n u m e r o u s  a r a b l e  s i t e s  i n  o t h e r  r e g i o n s  (T a b  1) . A l t h o u g h  
t h e  f a l l o u t  o f  SO^ i n  r a i n  h a s  i n c r e a s e d  s i g n i f i c a n t l y  i n  r e c e n t  y e a r s ,  
i t  i s  s t i l l  o n l y  s u f f i c i e n t  a t  t h e  C a m r b i d g e  s i t e  t o  g e n e r a t e  g r o u n d ­
w a t e r  c o n c e n t r a t i o n s  o f  3 0 - 4 0  m g / 1 .
T h e  u n s t a b l e  p a r a m e t e r s  pH a n d  HCO^ w e r e  n o t  m e a s u r e d  i n  t h e  C a m b r i d g e  
p r o f i l e s ,  b u t  o n - s i t e  d e t e r m i n a t i o n s  f o r  f i v e  b o r e h o l e s  i n  o t h e r  r e g i o n s  
( w h o s e  r e l i a b i l i t y  w a s  c o n f i r m e d  b y  e x c e l l e n t  o v e r a l l  a n a l y t i c a l  
b a l a n c e s )  s h o w  t h e  u n s a t u r a t e d  z o n e  p o r e  w a t e r s  t o  b e  m o s t l y  s u p e r s a t u r ­
a t e d  w i t h  r e s p e c t  t o  CaCO^ ( i n d i c e s  o f  + 0 . 1  t o  + 0 . 6 )  a n d  g r o s s l y  u n d e r ­
s a t u r a t e d  w i t h  r e s p e c t  t o  C aSO ^ ( i n d i c e s  o f  - 0 . 8  t o  - 1 . 9 ) .  I n  t h e s e  
p r o f i l e s  t h e  C aSO ^ s t o i c h i o m e t r y  c a n  b e  e v a l u a t e d  b y  s u b t r a c t i n g  C a  d u e  
t o  C aC O j d i s s o l u t i o n .  T h e  a p p r o x i m a t e  c o r r e l a t i o n  b e t w e e n  (C a-H C O ^) a n d  
S O ^ , t h e i r  p r o p o r t i o n s  n o t  e x c e e d i n g  C a -S O ^  e q u i v a l e n c e ,  s u g g e s t s  t h a t  
CaSO ^ i s  a n  i m p o r t a n t  s o u r c e  o f  S O ^ .  M a r i n e  c a r b o n a t e  r o c k ,  s u c h  a s  t h e  
C h a l k ,  m ay  c o n t a i n  u p  t o  0 . 0 5 %  S b y  w e i g h t ,  b u t  t h i s  i s  u n l i k e l y  t o  h a v e  
b e e n  t h e  s o u r c e  o f  t h e s e  p o r e  w a t e r  SO^ c o n c e n t r a t i o n s .  T h e  CaSO^ i s  
p r o b a b l y  d e r i v e d  f r o m  f e r t i l i s e r s  a n d  i t s  r a p i d  d i s s o l u t i o n  w i t h  CaCO^ 
m ay  a c c o u n t  f o r  CaCO^ s u p e r s a t u r a t i o n :  SO^ i s  p r e s e n t  i n  l a r g e  q u a n t i ­
t i e s  i n  s o m e  t y p e s  o f  i n o r g a n i c  f e r t i l i s e r s ,  n o t a b l y  (N H ^ ) 2 S 0 ^ a n d  
C a ( H 2 P 0 ^ ) 2 “ C a S 0 ^ , a l t h o u g h  t h e  u s a g e  o f  b o t h  t y p e s  h a s  d e c r e a s e d  i n  
r e c e n t  y e a r s .  T h e  r a t e  o f  m i g r a t i o n  o f  SO^ w i l l  b e  i n f l u e n c e d  b y  i t s  
l o w e r  d i f f u s i o n  c o e f f i c i e n t  a n d  b y  a n i o n i c  r e t e n t i o n .
e l e m e n t
d e t e c t i o n
l i m i t
( m g /1 )
u n i f o r m  
c o n c . * 
(m g /1 )
p r o f i l e f o r m p e a k
c o n c .
( m g /1 )
s o i l
t a i l
p e a k
(m)
. Na 0 . 5 2 0 . 0 y e s n o -
Mg 0 . 1 2 . 5 n o 2 - 5 4 . 0 .
S i 0 . 1 2 . 5 y e s n o -
B 0 . 0 2 0 . 3 5 y e s n o -
K 0 . 5 0 . 5  -  2 . 0 n o n o -
Ba 0 . 0 0 1 0 . 2 y e s n o -
S r 0 . 0 0 1 0 . 5  -  0 . 6 n o ? 1 . 0
Cu 0 . 0 0 5 0 . 0 1 - 0 . 0 3 n o 2 - 5 0 . 0 6
Zn 0 . 0 1 0 . 0 2 n o 2 - 5 ■ 0 . 0 5
L i 0 . 0 0 5 0 . 0 1 n o n o -
* a p p r o x i m a t e  v a l u e  f o r  t w o  d e t a i l e d  p r o f i l e s  t c  9  m i n  1 9 8 1  g i v e n ,  
o r  r a n g e  w h e r e  r e s u l t s  h a v e  c o n s i d e r a b l e  s c a t t e r  w i t h o u t  t r e n d  
n  b :  i n  a l l  s a m p l e s  a n a l y s e d  f o l l o w i n g  e l e m e n t s  w e r e  b e l o w  d e t e c t i o n  
l i m i t  i n d i c a t e d  i n  p a r e n t h e s i s  i n  m g / 1 :  P b  ( 0 . 2 ) ,  A1 ( 0 . 1 ) ,
Mo ( 0 . 1 ) ,  N i  ( 0 . C 5 ) ,  Co ( 0 . 0 2 ) ,  Cd ( 0 . 0 0 5 ) ,  F e  ( 0 . 0 C 5 )  , Mn ( 0 . 0 0 5 ) ,  
V ( 0 . 0 0 5 )
T a b l e  2 :  S u m m a ry  o f  m i n o r  a n d  t r a c e  e l e m e n t  p o r e  w a t e r  p r o f i l e s  f r o m
C h a l l c  u n s a t u r a t e d  z o n e  b e n e a t h  C a m b r i d g e  a r a b l e  s i t e
M i n o r  R T r a c e  E l e m e n t s
A m o n g s t  t h e  p r o f i l e s  f o r  t h e s e  e l e m e n t s  f o u r  g r o u p s  c a n  b e  d i s t i n g u i s h e d
( T a b  2 )  :
( a )  P r o f i l e s  w i t h  i n d i c a t i o n s  o f  p e a k  c o n c e n t r a t i o n s  a t  d e p t h s  o f  2 - 5  m 
s i m i l a r  t o  C a  a n d / o r  SO^ a n d / o r  C l  a n d / o r  N O ^-N .
(b )  P r o f i l e s  w h i c h  ' t a i l '  t o  u n i f o r m  c o n c e n t r a t i o n s  f r o m  m a x i m a  a t  t h e  
b a s e  o f  t h e  s o i l .
( c )  E l e m e n t s  w h i c h  e x h i b i t  r e l a t i v e l y  u n i f o r m  c o n c e n t r a t i o n s  t h r o u g h ­
o u t  t h e  p r o f i l e s .
(d )  E l e m e n t s  w h i c h  d o  n o t  e x c e e d  c u r r e n t  d e t e c t i o n  l i m i t s .
S om e c o r r e l a t i o n  o f  Mg, S r ,  Zn ( a n d  p e r h a p s  Cu) w i t h  C a  i s  n o t  s u r p r i s ­
i n g  s i n c e  t h e y  a r e  c h a r a c t e r i s t i c a l l y  a s s o c i a t e d  w i t h  t h e  c a r b o n a t e  
p h a s e .  C o r r e l a t i o n  i n  t u r n  w i t h  C l  a n d  N O ^ -N , w h i c h  a r e  l a r g e l y  f e r t i ­
l i s e r  d e r i v e d ,  m ay  r e s u l t  f r o m  t h e  l a t t e r  m o d i f y i n g  t h e  h y d r o c h e m i s t r y  
( e s p e c i a l l y  pH) o f  w a t e r  i n f i l t r a t i n g  t h e  C h a l k  s u r f a c e  a n d  a l l o w i n g  
g r e a t e r  r e a c t i o n  w i t h  c a r b o n a t e  m i n e r a l s ,  r e l e a s i n g  m o r e  C a ,  S r ,  M g, Zn 
a n d  Cu b e f o r e  e q u l i b r i u m  i s  a c h i e v e d ,  o r  f r o m  t h e i r  p r e s e n c e  i n  f e r t i ­
l i s e r s .
T h e  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  B a  a n d  B i n  t h e  u p p e r m o s t  p a r t  o f  
t h e  p r o f i l e s  ( T a b  2 )  a r e  p r o b a b l y  f e r t i l i s e r  d e r i v e d ,  b u t  t h e i r  m i g r a ­
t i o n  m u s t  h a v e  b e e n  s t r o n g l y  r e t a r d e d  b y  a d s o r p t i o n - d e s o r p t i o n  p r o c e s s e s  
o n  s o i l  m i n e r a l s .
CON CLU SION
L a r g e  q u a n t i t i e s  o f  s o l u t e s  l e a c h e d  f r o m  a r a b l e  l a n d  a r e  p r e s e n t  i n  t h e  
u n s a t u r a t e d  z o n e  o f  t h e  B r i t i s h  C h a l k .  T h e  r a t e s  o f  l e a c h i n g  h a v e  
i n c r e a s e d  s u b s t a n t i a l l y  w i t h  m o r e  i n t e n s i v e  c u l t i v a t i o n  o v e r  t h e  l a s t  
2 0  y e a r s  o r  s o .  T h e  p o r e  w a t e r  p r o f i l e s  p r e s e n t e d  a l s o  d e m o n s t r a t e  t h e  
c o m p l e x i t y  o f  s o l u t e  t r a n s p o r t  m e c h a n i s m s  ( f r o m  t h e  s o i l  t h r o u g h  t h e  
u n s a t u r a t e d  z o n e )  i n  a  f i s s u r e d  m i c r o p o r o u s  l i m e s t o n e ,  s u c h  a s  t h e  
C h a l k .  T h e s e  m e c h a n i s m s  n e e d  t o  b e  b e t t e r  u n d e r s t o o d  i f  t h e  h i s t o r i c  
a n d  f u t u r e  e v o l u t i o n  o f  t h e  m a j o r  f r o n t s  o f  n i t r a t e ,  s u l p h a t e  a n d  o t h e r  
s o l u t e s  a r e ,  r e s p e c t i v e l y ,  t o  b e  e v a l u a t e d  a n d  p r e d i c t e d .  F ro m  t h e  
n u m e r o u s  l i n e s  o f  i n v e s t i g a t i o n  p u r s u e d  i n  d e t a i l  a t  t h e  C a m b r i d g e  s i t e  
i t  i s  s u g g e s t e d  t h a t :
( a )  I n  t h e  u p p e r m o s t  f e w  m e t r e s ,  t h e  p r e c i s e  d e p t h  b e i n g  a  f u n c t i o n  o f
t h e  h y d r o g e o l o g i c a l  p r o p e r t i e s  o f  t h e  w e a t h e r e d  p r o f i l e s ,  s o l u t e  
m o v e m e n t  i s  s t r o n g l y  d i s p e r s i v e ,  w i t h  i n t e r m i t t e n t  r a p i d  d o w n w a r d  
( a n d ,  p r e s u m a b l y ,  n e a r - c o n t i n u o u s  s l o w  u p w a r d )  f l u x e s  o c c u r r i n g  i n  
s u m m e r .
(b )  S o l u t e s  a r e  e l u t e d  f r o m  t h i s  u p p e r  z o n e  a n d  t r a n s p o r t e d  d o w n w a r d s
b y  i n f i l t r a t i n g  e x c e s s  r a i n f a l l ,  t h e  e x t e n t  o f  n o n - e q u i l i b r a t i o n ,
o r  d i s p e r s i o n ,  b e i n g  e s s e n t i a l l y  a  f u n c t i o n  o f  t h e  i n t e n s i t y  o f
i n f i l t r a t i o n ,  t h e  m a t r i x  h y d r a u l i c  p r o p e r t i e s  , t h e  f i s s u r e  g e o m e t r y  
a n d  t h e  a p p r o p r i a t e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s o l u t e  c o n c e r n e d .  
E n v i r o n m e n t a l  i s o t o p e s  h a v e  p r o v e d  a  c o n s i d e r a b l e  a i d  i n  e v a l u a t i n g  b o t h
t h e  i n p u t  a n d  t r a n s p o r t  p r o c e s s e s ,  w h i c h  c a n  b e  e x p e c t e d  t o  v a r y  s i g n i ­
f i c a n t l y  a c r o s s  a n d  b e t w e e n  r e g i o n s .
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ABSTRACT
Unlike some other major semi-arid regions, the Kalahari is not 
blessed with an extensive prolific aquifer. Large areas are 
underlain by thick Karoo and Kalahari strata, however, and 
either may include some consolidated sedimentary formations 
which form subregional aquifers, possessing sufficient trans­
missivity for production boreholes to yield 5-15 1/s of accept­
able quality groundwater. While such aquifers appear capable 
of making a significant contribution to the large water supplies 
required for the region’s development, hydrogeological com­
plexity increases the cost of, and reduces confidence in, 
groundwater resources evaluation. Five main problems are 
commonly encountered and these are discussed in relation to 
the case of a 20 Ml/d water-supply for a new mine and associated 
infra-structure. The interim solution utilising groundwater 
was achieved inside 3 years at a total capital cost of about 
USi 11 M, some 15% of which represented exploration costs, com­
pared to the surface water alternative priced at more than 
US$ 40 M. The effect which groundwater resource uncertainties 
have on the approach to technical development and capital in­
vestment for mine water-supply is also highlighted.
INTRODUCTION
Bockground to water supply demand
1) The existence of a major diamond prospect at Jwaneng in southern 
Botswana was discovered in 1976. By mid-1977 the need for a 
water-supply of 4.5 Mm^/a (up to 20 Ml/d during 300 d/a) over
at least 20 years, for mine process water and mining infra­
structure, had been defined. Only the latter needed to be of 
potable quality. The economics of such a mining venture are 
highly dependent upon establishing an adequate water-supply, 
since the cost and effectiveness of diamond recovery methods 
vary widely with water-supply availability. The Jwaneng project 
represented an increase of more than 10% in Botswana’s water 
demand. Groundwater had previously been developed to a short­
term capacity of some 10 Ml/d, from the Cave Sandstone for the 
Orapa-Letlhakane mining conplex, but only as a stand-by supply. •
2) During 1977 preliminary evaluation of the possibilities of de­
veloping surface water resources revealed that:
(a) The only realistic option involved a pipeline from the 
Gaborone Dam, over 120 km west, at a capital cost of about 
USJ 36 M*; the dam would also have to be modified to in­
crease available storage at a further cost of some US$ 10 M, 
and its use would prejudice future expansion of Gaborone’s 
water-supply.
(b) The reliability of a surface water storage scheme could not 
be assessed with any confidence until 1901, at the very 
earliest, because of meagre hydrological records.
• all costs are in US$ on dates implied in text, when the 
Botswana Pula was valued at about US$ 1.25 and UK£ 0.55
3) Thus groundwater appeared the only means feasible to satisfy 
the mine's water demand of 1-3 Ml/d for construction and pilot 
operation during 1976-81, building up to 15 Ml/d in the early 
years of full-scale operation from 1982 onwards. It was possible 
that,if necessary, a conjunctive use of surface and groundwater 
resources could be inplemented some 3 years after the reli­
ability of a surface water schema had been adequately evaluated.
Geohydrological setting of southern Botswana
4) Across much of southern Botswana (Fig 1) the Kalahari is under­
lain by the Karoo system (of Carboniferous-Jurassic age), 
within which useful subregional aquifers may be present in the 
Ecca and Cave (Stormberg) sandstones. The geology of the Karco 
system is very complicated and has only been elucidated locally 
during mineral exploration. The complex stratigraphy, sedi- 
mentology and structure of the Ecca Series reflect a continental 
basin environment of deposition. Later, during the Stormberg, 
more uniform conditions of sedimentation prevailed and, in con­
sequence, the stratigraphy of the Cave Sandstone is less com­
plex. Unfortunately, however, this formation does not appear
to be characterised by as high transmissivity and storativity 
as some Ecca sandstones and completion of efficient production 
boreholes is also more difficult. The overall geohydrological 
picture is further complicated by late-Karoo volcanism and 
by the surficial blanket of Kalahari Beds (Fig 1). No thick 
Middle Kalahari aquifers, like those in parts of Namibia 
(Worthington, 1977) appear to be present.
5) In southern Botswana, the Kalahari Beds (of Cretaceous to Recent 
age) rarely exceed 40 m thickness except in occasional pre- 
Kalahari buried channels, and comprise a sequence of essentially 
aeolian sands, calcretes and related deposits. The remarkably 
flat sand-covered plain has very variable, high intensity rainfall, 
averaging 250-550 mm/a (Fig 1) and occurring mainly in the
hot wet season (December-March) when potential evaporation reaches 
8 mm/d. For the most part, the region is sufficiently vegetated
to stabilise the sand cover and only in the extreme southwest 
do true desert conditions prevail. Despite high rainfall in­
tensities, surface run-off is localised and rare, although some 
water stands quite regularly in pans. The existence of 'fossil' 
valleys must be a relic of historic wetter periods.
Scope of groundwater investigations
6) In 1977 a groundwater feasibility study was initiated over
100 km radius from the projected mine to assess the prospects
of obtaining the required water-supply for a minimum of 7 years,
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with priority on an area of about 32DD km of the Karoo margin 
some 20-70 km north (Fig 2). This area is fairly remote, being 
85 km from the nearest all-weather road and 140 km from an air­
port or railhead. Although its broad stratigraphy was known
from some 20 cored boreholes for coal exploration, very little
hydrogeological data were available.
7) The positive results of this study in respect of an area of
central Kweneng some 30-50 m distant, where Ecca Sandstones occur
at relatively shallow depth, led to an intensive staged investiga­
tion of a smaller area of some 1200 km (Fig 2), to evaluate the 
groundwater resources and to plan groundwater development.
Existing ^straction totalled only some 0.7 Ml/d for livestock 
watering and village water-supply. A timetable of the investiga­
tions, with a breakdown of costs, is given in Table 1. The 
principal methods of hydrogeological exploration and groundwater 
resources evaluation utilised are summarised in the following 
paragraphs.
8) Surface geophysical surveys
Two techniques were employed, gravimetric and magnetic. The 
gravity results were used in an attempt to delineate the major 
tectonic features and to define the configuration of the under­
lying (pre-Cambrian) basement, composed in this area of highly- 
indurated sediments with widespread doleritic intrusions. The 
magnetic results were complementary where the basement was 
apparently doleritic, but were also used to search for any late- 
Karoo intrusions. Some 22 north-south traverses of varying
lengths, totalling about 710 km, were surveyed with prismatic 
compasses. Geophysical stations for gravimeter and magneto­
meter readings were established every 200 m along each traverse 
and accuracies better than 0.1 ngals and 2 gammas respectively 
achieved. Electric resistivity soundings were not pursued 
because of the potentially conplex and time-consuming data 
interpretation associated with highly-variable Karoo litho- 
logies, but it should be recognised that both geoelectric 
(Worthington, 1977) and seismic techniques might have been 
employed with some success.
9) Drilling programme
The main programme involved drilling at 39 discrete sites 
(Fig 2). Combined air-hammer/rotary drilling"machines were 
used throughout, equipped with a compressor/booster system 
capable of delivering up to D.4 m^/s (650 cfm) at 3.1 MPa (450 
psi), with a limiting capacity of 250 mm diameter 'completions’ 
to 150 m and 200 mm 'open-hole' to 350 m. At each site a 
single exploratory/trial borehole was put down initially and 
the following data were collected: geological strata record, 
incremental airlift yield during drilling, geophysical formation 
logs by electric self-potential, single-point resistivity, 
natural gamma and bulk density (gamna-gamma) techniques with, 
where justified, (short-duration) step-test pumping. 
Additionally, government groundwater research work has included 
parallel drilling programmes with:
(a) Five cored boreholes at certain of the above sites (Fig 2) 
to improve stratigraphical correlation and to provide 
samples for laboratory testing of aquifer properties.
(b) Power augering and coring of the Kalahari Beds to study 
their stratigraphy and to generate soil, rock and water 
samples for physical, chemical or isotopic analyses.
10) Hydrogeological pumping tests
At 12 of the above sites (Fig 2) further boreholes were • 
drilled to produce suitable conditions and proper control for 
the conduct of steady-rate hydrogeological pumping tests, 
mainly of 2-5 days' duration. At a further 11 sites (Fig 2) 
steady-rate pumping tests without observation boreholes were 
conducted to permit the estimation of transmissivity. During 
such testing, geophysical flow logs (micro-conductivity, 
differential temperature and impeller flowmeter) were run at 
some sites in an attempt to establish the presence of any major 
fissure-flow horizons. Systematic water sampling for chemical 
analyses was also carried out.
11) Mathematical aquifer modelling
A mathematical model was used to aid groundwater resources 
evaluation, to establish the sensitivity of such evaluation to 
errors in estimation of certain critical parameters- and to 
guide wellfield design. The finite difference method of dis­
cretization was used, with alternating-direction, implicit, 
iterative procedures of solution to an acceptable convergence 
for the selected time increments. The area selected for 
modelling (Fig 2) was 56 km by 40 km; data files on the basic 
aquifer hydraulic parameters and boundary conditions being 
established on a 1 km grid and progressively upgraded during 
the investigation programme.
12) While the above methods represent a 'relatively advanced package' 
in the field of groundwater resource exploration and evaluation, 
they are all accepted techniques. This paper, therefore, does 
not describe them in any detail nor does it report their results 
systematically. The main objective is to appraise how far such 
methods were successful in quantifying the groundwater resources 
of a previously little-explored area with complex geohydrological 
conditions, given the prevalent time constraints and budget con­
trols. Five principal hydrogeological problems were encountered
. and each is examined in subsequent sections.
PRINCIPAL HYDROGEOLOGICAL PROBLEMS 
Exploration for major aquifers
13) Since the various formations within the Ecca Series were known 
to have been deposited in basin and basin-margin environments, 
it was believed from the outset that basement configuration, 
together with major tectonic structures, could be highly 
significant in the exploration for important aquifers.
14) On completion of the surface geophysical surveys, conducted 
largely during the feasibility study and at the first stage 
of the main investigation. Bouger gravity (Fig 3) and total 
magnetic intensity maps were produced. These data were digitised 
and subjected to spatial wavelength filtering by computerised 
techniques to produce upward continuation and second derivative 
maps, thus enhancing the study of the larger basement features 
and of the shallow smaller geophysical anomalies respectively. 
Specific traverses and anomalies of interest were also sub­
jected to two and three dimensional modelling to aid inter-
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pretation; a density contrast of D.5 gm/cm being assumed bet-■ 
ween the Karoo sediments and the basement. Two main southern 
basins, separated by a NNE-SSW basement ridge, were defined 
(Fig 3), bounded to the north by a major regional (VSW-ENE 
fault system with a variable net downward throw to the north 
in excess of 150 m. All fault systems are likely to be re­
activated basement features; a frequent direction of faulting 
in the area being WNW. In general Karoo strata are wedged 
and faulted out southwards against the rising basement complex.
15) The drilling programme for the feasibility study (over 3200 km^) 
included 18 sites to explore the geohydrological conditions in 
areas of differing geophysical signature. This led to the 
following main conclusions:
(a) The widespread occurrence on the basement ridge, and in 
much of the southeastern basin, of a sandstone sequence 
possessing transmissivity CT) frequently in excess of 
400 m^/d; the major aquifer apparently being a coarse 
arkosic sandstone within the Upper Ecca, containing re­
markably fresh Ca-HCO) groundwater.
(b) The existence of useful sandstone aquifers, also containing 
low salinity groundwater but with lower T (up to 200 m^/d, 
but frequently less than 100 m^/d) over wider areas.
(c) The presence of Ecca sandstones regionally downdip and to 
the north of the regional fault system, containing fresh 
Na-HCO] groundwater under high confining heads beneath 
thick Beaufort Shale (Fig 4).
16) In subsequent drilling programmes, attention was focussed on 
the aquifers of the two southern basins and their boundaries.
The density of drilling sites over the central part of the 
exploration area was if^creased from 1 per 50 km^, at the end of 
the feasibility study, to more than 1 per 20 km^. The results 
can be summarised as follows:
(a) The groundwater contained by the Ecca sandstones is en­
countered at depths from 60-140 m and extends to depths of 
up to about 300 m, with the piezometric surface generally 
at about 40-60 m bgl.
(b) Over much of the basement ridge and the relatively shallow 
southeastern basin, the main water strikes are in the Upper 
Ecca (Masope) Formation, with additional aquifers in the 
underlying Middle Ecca Group (Fig 4). The lowermost 20 m 
or so of the former ar^ generally by far the most permeable 
and the groundwater in this (Lower Masope) aquifer is,
in practice, frequently confined (at 15-30 m head), by 
immediately overlying finer-grained, less permeable strata.
(c) In the deeper southwestern basin, the Masope Formation Is
absent (Fig 4); the main aquifer is a thick (30-150 m)
sequence of Middle Ecca sandstones, which, as in the north,
is overlain by a confining bed of Beaufort Shale.
(d) At only one site. No 32 in the southwestern basin (Fig 3),
was groundwater of significantly high salinity encountered 
at depth in the Middle Ecca sandstones.
Evaluation of aquifer characteristics
17) Hydrogeological pumping test data (Table 2) from the southwestern 
basin showed fully confined responses but over the rest of the 
main investigation area the behaviour was much more complex 
(Fig 5). Most sites exhibited responses similar to the 'leaky 
confined* type, perhaps artificially enhanced by the penetration 
of solid lining tubes, with subsequent signs of 'delayed-yield* 
at some sites and pronounced directional anisotropy in certain 
instances. The responses were compatible with the concept of 
a major Lower Masope aquifer receiving induced leakage from 
overlying less permeable strata, and possibly also from below.
10) There were also indications that, in some cases, the situation" 
is yet more complex. Excess, or increasing, groundwater heads 
at depth, of up to a few metres, were quite frequently observed 
in the Middle Ecca Group, and static borehole water-levels must 
often be composite. In such instances, the initial rate of 
pumping test drawdown will be governed by well storage alone and 
the transmissivity of the aquifer horizon possessing the excess 
head (Fig 5). If, as will be the case, the latter is small in 
relation to that of the Lower Masope aquifer, then the excess 
component of the composite static water-level will behave as 
a 'dead* head and be rapidly depleted until drawdown has reached 
the piezometric surface of the Lower Masope. Estimation of its 
magnitude was attempted by analysis of step pumping tests. Some 
of the observed (minor) changes in groundwater chemistry of 
discharge samples during pumping tests probably reflect the 
existence of excess heads at depth (and others the development of 
induced leakage).
19) Laboratory testing of borehole core samples from 5 sites [Fig 2) 
showed the interstitial horizontal permeability of the sandstones 
to be generally in the range 0.01-1.0 m/d. The wide variation
in lithology makes selection of representative samples from 
unit core intervals difficult and although some sandstones 
(notably the Lower Masope) do appear to possess sufficient 
permeability to permit major intergranular movement of ground­
water, an important and perhaps major component of the total T 
(in the high T areas) must be associated with fissures of some 
nature. Since high T is areally widespread, these fissures are 
not necessarily of tectonic origin, and many are likely to be 
bedding-plane joints enlarged by water movement. Detailed des­
criptive logging of borehole cores showed coarse friable arkosic 
sandstones at the base of the cyclic units of sedimentation, 
with many cavities resulting from the decomposition and removal 
of part of the feldspathic matrix probably being responsible 
for the relatively high formation T. The Si02 concentrations 
of the groundwater (30-60 mg/1) are higher than those generated 
by quartz dissolution alone and suggest that silicate alteration 
is taking place. Fissures were ubiquitous throughout the pro­
files and in the coarser zones included cavities up to 50 mm * 
diameter, aligned parallel to the bedding.
20) In heterogeneous and fissured aquifers it is not sufficient to 
know only the magnitude of transmissivity. The depth and thick­
ness of the nain permeability developments are more important 
than the overall saturated thickness, since they directly relate 
to the heads that can be utilised in groundwater abstraction and 
therefore to the behaviour of individual production boreholes. 
Major groundwater inflows into pumping boreholes are normally 
associated with minor variations of electrical conductivity 
and/or temperature of the borehole fluid column, which can be 
logged using sufficiently sensitive equipment, and estimates of 
vertical flow rates below the pump can be made by flowmeters, 
giving a semi-quantitative indication of productive zones.
However, the maximum completion diameter for trial production 
boreholes resulting from the drilling technique used (170 mm 
and latterly 210 mm), imposed a serious constraint on the 
application of the above methods, since it was insufficient 
to allow access for the borehole flow logging probes, when 
pumping plant of appropriate capacity was installed. From the 
important evidence of the incremental airlift yield during 
drilling, it is tentatively concluded that highest permeability 
is associated with the Lower Masope, where this is present, 
but this could not be confirmed.
Establishment of lateral aquifer continuity.
21) Stratigraphie and lithologie correlation between boreholes in 
the Ecca Series is extremely difficult, because of repeated 
cycles from coarse to fine sandstones, siltstones and carbon­
aceous shales, marked facies variation and frequent tectonic 
disturbance. The question of the extent of lateral continuity 
of aquifer horizons arises.
22) Areas of shallow gravimetric (Fig 3) and magnetic gradients 
appear to reflect general continuity in broad geological
terms, but not necessarily of aquifer horizons themselves. V/hile 
numerous faults, probably of small throw, are postulated from 
the surface geophysics, it is not clear whether these will 
enhance or diminish local formation transmissivty on a consistent 
basis. A few prominent, but small, magnetic and gravimetric 
anomalies, which might have represented localised post-Karoo 
intrusions, were carefully analysed to determine most likely 
geometry. In each case their depth appeared too great to rep­
resent an intrusion into the aquifer system and at one site 
this was confirmed by drilling.
23) Perhaps the most important indication of hydraulic continuity 
is the fact that in 12 hydrogeological pumping tests no indica­
tion of lateral 'barrier' (impermeable or low permeability)
boundaries was recorded, but the complex hydrogeological con­
ditions at many sites somewhat reduces confidence in their 
interpretation. The prominent basal arkosic sandstones of 
the Masope Formation were positively identified over a fairly 
wide area (Fig 4); correlation being aided considerably by 
geophysical formation logging, especially natural gamma.
However, doubts remain about the continuity of the main aquifer 
units and the hydraulic relation between the Lower Masope of 
the southeastern basin and the thick Middle Ecca of the south­
western basin can only be speculated upon.
Likelihood of current groundwater replenishment
24) Although some groundwater replenishment associated with surface 
run-off may occasionally occur east of the area under considera­
tion, the magnitude of any diffuse recharge from modem rainfall 
is regarded as a more critical question. Basic meteorological 
statistics for central Kweneng are sparse, but suggest that 
infiltration to depths of more than 2 m could occur occasionally 
during wet seasons, possibly at a mean rate of 25-35 mm/a during 
1961-77. However, in areas where the sand cover is deep, this 
moisture will be retained and, during subsequent dry seasons, 
may be largely or totally lost by évapotranspiration.
25) A research programme was carried out to improve knowledge of the 
Kalahari Beds in central Kweneng (Foster e t  a l , 1982) and to study 
the fate of this moisture. The results can be summarised:
(a) The Kalahari Sand proved generally to be 4-9 m in thickness, 
highly uniform and fairly well sorted, with a median grain 
size of 0.16 mm.
(b) Field moisture contents at the end of the (1977) dry 
season were low, uniform in distribution (Fig 8); it 
appearing that the moisture storage capacity of a 4 m 
deep sand profile would only be exceeded following an 
exceptional sequence of rainfall events.
(c) Tritium C^ H) profiles (Fig 6) were difficult to interpret 
and could not be reconciled with any simple infiltration 
model. Many samples exceeded 15 TU, representing post- 
1963 rainfall, and the total profile moisture content ex­
hibiting such levels was around 200 mm, the highest
concentrations were in the uppermost 2-3 m and decreased 
consistently in depth and the total profile was less 
than 5 TU m, small even compared to a single year's fall­
out in recent local rain.
(d) The dominant feature of chloride (Cl) profiles (Fig 6) was 
increasing concentrations with depth, especially toycards 
the base of the Kalahari Sands. While the absence of a 
salt crust implied that some water had been periodically 
flushing solutes, the profiles were consistent with extremely 
low n e t  rates of downward movement, ceertainly much less 
that 5 mm/a and the total Cl content of the sands, where 
more than 4 m thick, represented much more than 50 years' 
atmospheric input. The fact that concentrations in the. 
lower parts of the sand profiles generally exceeded 100 mg 
Cl/1 also suggested little or no recent groundwater recharge, 
because this value was higher than that of most ground­
waters in the underlying aquifers.
26) Most Ecca groundwaters in central Kweneng have remarkably low 
salinity to surprising depth, with Cl concentrations being 
mainly in the range 50-100 mg/1. The chemistry of groundwaters 
appears to relate to the basins from which they derive (Fig 7), 
calcium bicarbonate groundwaters in the southeastern basin with 
increasing sodium, as a result of cation exchange on shale 
minerals, in the southwestern basin and to the north of the 
major WSW fault system. Pumped groundwater sanples from the 
southeastern basin mainly recorded very low tritium concentrations 
(less than 1 TU), suggesting no definite post-1956 water present, 
and radiocarbon determinations in the range 50-65% me, indicating 
groundwater ages of 2,000-4,500 years BP, or perhaps significantly 
younger.
27) Groundwater levels are generally below the base of the Kalahari 
Beds and the area possesses no identifiable groundwater dis­
charges. Hydraulic gradients are extremely low, generally 
less than 0.0005 in a westward direction, and unlikely to rep­
resent a groundwater flow of more than 2 Ml/d per 10 km flow 
frontage.
20) In the context of groundwater resource planning, it would thus 
be Imprudent to assume that recharge will occur as a result of 
present-day rainfall, unless near sand-free areas can be demon­
strated. Such conditions are believed to occur only locally 
in central Kweneng. Therefore, any large-scale groundwater de­
velopment must be regarded, for the present, as resource 
•mining'. The philosophical question as to whether fresh 'fossil' 
groundwater in a semi-arid region should be abstracted for use 
as mine process water is not discussed here. However, since 
it is only economically practical to 'mine'a proportion of the 
total groundwater storage, development need not threaten village 
and cattle-post water-supplies, although remedial action will 
be required in certain instances.
Estimation of unconfined storage coefficient
29) At 6 of the 12 sites for which hydrogeological pumping tests
were conducted, 'confined' or 'leaky confined' groundwater level 
responses were recorded (Table 2), with values of confined 
storage coefficient (S) mainly in the range 0.001-0.0001.
Because of the relatively small confined head in most areas, 
except for the deepest parts of the southwestern basin, the 
total amount of groundwater in 'confined' storage is estimated 
to be only about 6300 Ml, compared with a water demand exceeding 
4500 Ml/a. In the absence of groundwater recharge, therefore, 
aquifers are expected to become unconfined, and/or drainage of 
leakage beds to occur, at virtually all production borehole 
sites within the first few years of pumping. The apparent 
equilibrium produced by the 'leaky confined' response will, in 
the absence of groundwater recharge, also be relatively short­
lived. The mean unconfined storage coefficient (Sy) of the 
top 10 or 20 m of the saturated zone of the main aquifer horizons 
will, therefore, be critical in determining the groundwater 
resources and the long-term behaviour of a wellfield.
30) At 4 pumping test sites, suggestions of a 'delayed-yield' un­
confined response were recorded (Table 2) and some gravity 
drainage of the uppermost part of the aquifer appears to have 
occurred; analyses of these data tentatively suggest an Sy of 
0.01-0,03. In order to obtain more representative values it 
would be necessary to produce larger drawdowns in the unconfined 
aquifer over wider areas, which at the investigation stage would 
have required a group of production boreholes continuously 
pumping at a high steady rate for a number of months, with 
groundwater being discharged to waste through a relatively long, 
temporary pipeline to avoid recirculation. This was considered 
impractical and undesirable.
31) Indirect methods of estimating Sy based on laboratory testing 
of core samples were, therefore, introduced. Some 155 deter­
minations of interconnected porosity (0) by the liquid re- 
saturation method were made on sandstone samples taken every 
1.0-2.5 m from the saturated interval of 5 cored boreholes;
a mean value of 0.16 was obtained (Fig 8). Only a proportion 
of 0 will, in practice, be drained by gravity and contribute 
to Sy. This proportion will depend upon the pore sizes and, 
with certain reservations, can be estimated from measurements 
of pore-size distribution or from (less time-consuming but more 
subjective) centrifuge simulation tests. Some 10 of the former 
tests and 25 of the latter were undertaken on samples selected 
to represent the range of sandstone porosities and lithologies. 
The results suggest (Fig 9) that most of the sandstones with 0 
of over 0.15 should have an Sy in excess of 0.05 and occasionally 
in excess of 0.10. However, some lower porosity sandstones, 
with hydraulic conductivities of less than 0.01 m/d, are 
characterised by much finer grain-size distributions and can be 
expected to possess an Sy of 0.01-0.05.
32) For the Lower Masope aquifer of the southeastern basin, 0 and 
Sy are expected to be at the higher end of the measured range, 
but it must be noted that this formation is only about 20 m 
thick and the possibility that shale horizons could inhibit 
gravity drainage of the sandstones must not be overlooked. Some 
40% of the saturated formation thickness is composed of shales, 
but considering only the main aquifer horizons this proportion 
is significantly smaller. A value for Sy of 0.01 was thus 
selected as a conservative estimate for the sandstones in 
question. It is hoped that, at least locally and during certain 
periods of abstraction, values exceeding 0.05 will be experienced
APPROACH TO GROUNDWATER DEVELOPMENT
State of resources evaluation
33) The uncertainty about the average value of unconfined storage 
coefficient,and to lesser degree about continuity of the main 
aquifer horizons and current groundwater recharge, reduce con­
fidence in the groundwater resources evaluation. The 
sensitivity of resource estimates to errors in storage coefficient 
and aquifer boundary conditions was examined using a computerised, 
finite-difference, mathematical model (Fig 10A). For an assess­
ment of high confidence, the following worst-case assumptions 
were made:
(a) S and Sy to average 0.0003 and 0.01 respectively,
(b) neglect any 'leaky' storage from saturated strata overlying 
the Lower Masope aquifer in the southeastern basin,
(c) treat as impermeable boundaries, the main WSW fault system 
and the limits of the exploration area in all other 
directions,
(d) no active groundwater recharge either within the area 
modelled or across its lateral boundaries.
34) Operation of this model for various wellfield layouts demon­
strated the availability of an absolute minimum of 7 years’ 
supply for the projected mine, with relatively modest drawdowns 
in the’unconfined’ storage [Fig 1QB). Such a supply was con­
sidered sufficient to Justify the cost of developing the 
appropriate wellfield, particularly since it would enable the 
mine to be brought into production at the earliest feasible 
date. Using more optimistic hydrogeological assumptions, it 
appeared that the mine could be supplied from groundwater for 
20 years and possibly a lot longer.
35) Given the complexity of the hydrogeological conditions, it is 
not possible to assess groundwater resources with higher pre­
cision or greater confidence until the response to some large- 
scale abstraction has been observed. In particular sig­
nificant dewatering of the southeastern basin will be required 
before estimates of Sy can be refined. Some 3 years of full- 
scale operation*, with comprehensive monitoring would yield 
much improved data on all hydrogeological parameters, with the 
possible exception of active groundwater recharge. In unison 
with this approach, parallel decisions on future water-supply 
planning and investment, including those related to the pos­
sible development of surface water storage and conjunctive use, 
have been deferred until 1985.
Production wellfield design and construction
36) In addition to the problems limiting confidence in groundwater 
resources evaluation, two additional factors affect the number 
of production boreholes, and the wellfield layout, needed to 
produce the required yield in the long-term:
to the end of 1981 abstraction totalling some 1200 Ml for 
pilot mining operations has produced no unexpected responses
Ca) The degree of internal continuity of the main aquifer 
horizons within the areas of groundwater development in 
the southeastern and southwestern basins.
(b) The distribution of permeability with depth and the pos­
sibility of rapid non-linear reduction in transmissivity 
with drawdown in the main aquifer horizons.
The wellfield design must, therefore, be conservative and 
flexible, so that any loss of yield at individual production 
boreholes can be compensated by drilling additional boreholes 
at intermediate sites along wellfield pipelines, without 
necessitating major redesign.
37) A number of wellfield layouts were run on the mathematical
aquifer model with printouts of total drawdown and of drawdown 
in the * unconfined* storage after operation for approximately 
1, 7 and 20 years. The layout selected (Fig 10B) takes into 
account the above considerations, and that of spreading and 
minimising the predicted drawdown in the 'unconfined' storage 
throughout the proven area of high transmissivity aquifers 
together with the need for standardising production borehole 
design. It con^rises 16 production boreholes of either 1.5 
Ml/d or 1.0 Ml/d maximum capacity, and allows for the number of 
production boreholes to be increased up to 24 without reducing 
spacing to less than 2 km, should excessive drawdown and con­
comitant loss of yield occur at any sites.
30) A comparative study of possible pumping plant for the production 
boreholes suggested that line-shaft turbine pumps (powered by 
surface motors) have certain disadvantages when compared to 
electric submersible pumps:
(a) Borehole verticality tolerances are more critical, if 
excessive strain on the line-shaft is to be avoided.
(b) They are not as compatible with the range of pumping duties 
resulting from the continuously-falling groundwater 
levels anticipated) this is likely to lead to higher main­
tenance costs.
(c) They have higher operating costs as a result of line-shaft 
losses.
Thus electric submersible pumps were preferred, despite margin­
ally higher capital cost resulting from the need to drill pro­
duction boreholes of larger diameter. Production boreholes 
had to be completed at 300 mm diameter to 150 m, the predicted 
maximum depth for the pump suction, and at 210 mm below that 
depth, with screens against the main producing horizons.
Drilling at diameters sufficient for these completions is close 
to the technological limits of the air-hanmer method and sig­
nificant problems were encountered, which necessitated the 
abandonment of 2 production boreholes*. Unfortunately no 
other large-diameter drilling technique appeared practical, 
given the site conditions and time constraints.
39) The total ca p ita l cost of groundwater supply development, inr 
eluding project investigations, production borehole drilling, 
pumping plant installation, electricity supply, access roads, 
pipeline laying and monitoring work is about US$ 11.4 M, some­
what over 50% of which is the cost of the external pipeline 
and associated works. The unit overall [capital plus running) 
cost of untreated groundwater at the mine is calculated to be 
nearly US$ 0.5/m^, assuming a discount rate of 10% and a 20-year 
wellfield life with some up-grading during the first 10 years. 
This latter cost is not very sensitive to errors in drawdown 
estimation because of the comparatively deep static groundwater 
• levels.
this, in turn, required the up-grading of maximum pumping 
capacity at certain sites, but the overall development 
philosophy remained viable
CONCLUDING REMARKS ‘
40) In areas of complex or little understood geology, exploration 
drilling programmes with a borehole density in the range 1 per 
50-100 km^, over a broad search area defined by economic and 
geological criteria, are required if the presence [or absence)
of important subregional aquifers is to be confidently established, 
Surface geophysical surveys should be used to guide site selection 
but may not allow a significant reduction in the number of bore­
holes required, at least, at the initial exploration stage.
Before embarking on major surface geophysical surveys for hydro- 
geological purposes it is worthwhile evaluating the relative 
effectiveness and likely cost-benefit of the various techniques 
available directly, by comparative field tests.
41) The disadvantages of groundwater development from such aquifers, 
for large-scale water supplies, primarily arise from the dif­
ficulty of accurately assessing the size of the two resource 
components - storage and recharge. A relatively-advanced 
'package* of investigation techniques should allow a preliminary 
evaluation of the groundwater resources. However, it is well
to recognise that, for the refinement of such an evaluation, 
carefully-monitored pilot development schemes are likely to be 
more effective than continuing investigations, which beyond a 
given level will arrive at a situation of diminishing returns.
42) The time at which to commence development must depend heavily 
upon the distance between the demand centre and the groundwater 
resource, and on the rate of growth of the water demand, since 
these factors will largely determine the initial capital cost 
of development and, therefore, the minimum resource required
to justify development.- Fairly soon after the initiation of 
groundwater investigations it should be possible to establish a 
mathematical aquifer model, which can be progressively upgraded 
as investigation proceeds. If realistic worst-case values for 
the relevant hydrogeological parameters corresponding to the 
state of knowledge of the groundwater system are selected, the 
model can be used to assess the minimum available resource and 
to steer subsequent investigation.
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ABSTRACT
During the  p e r io d  1975 to  1980, r e s e a r c h  in  the  United  Kingdom has produced a 
l a r g e ,  and p o s s ib l y  unique  body o f  d a ta  on th e  d i s t r i b u t i o n  o f  s o l u t e s  d e r iv e d  from 
a g r i c u l t u r a l  land in  th e  major B r i t i s h  a q u i f e r s .  U n sa tu ra ted  zone p o r e -v a t e r  
q u a l i t y  p r o f i l e s  dem o n s tra te  a c l e a r  r e l a t i o n s h i p  between the  c o n c e n t r a t io n s  o f  
c e r t a i n  s o l u t e s ,  e s p e c i a l l y  n i t r a t e ,  and farming p r a c t i c e .  High c o n c e n t r a t io n s  of 
n i t r a t e ,  o f t e n  in  ex ce ss  o f  WHO recommended l i m i t s ,  a r e  c h a r a c t e r i s t i c  of  a r e a s  of  
a r a b l e  fa rm ing ,  w h i l s t  low c o n c e n t r a t io n s  a rc  g e n e r a l l y  found benea th  permanent 
g r a s s  o r  woodland. Mathem atica l  models have been developed which s im u la te  the  v e r ­
t i c a l  d i s t r i b u t i o n  o f  m obile  s o l u t e s ,  n o ta b ly  n i t r a t e  and t r i t i u m ,  a t  a number o f  
s i t e s .
High c o n c e n t r a t i o n s  o f  n i t r a t e  and o th e r  s o l u t e s  have a l s o  been measured in the  
s a t u r a t e d  zones o f  a q u i f e r s  whose rech a rg e  a r e a s  a r e  formed by a r a b l e  fa rm land .
The s p a t i a l  d i s t r i b u t i o n s  and tem poral  v a r i a t i o n s  in  c o n c e n t r a t io n s  sugges t  c o n t r o l  
by th e  h y d ro g e o lo g ica l  p r o p e r t i e s  and geometry o f  th e  a q u i f e r s .  For some catchm ents  
i t  has been p o s s ib l e  t o  use  fu l ly -m ix ed  c e l l  models to  p r e d i c t  changes in  groundwater 
n i t r a t e  c o n c e n t r a t i o n s .
INTRODUCTION
Groundwater p ro v id es  about 30 per c en t  o f  w a ter  s u p p l i e s  in  B r i t a i n ,  the  two 
p r i n c i p a l  a q u i f e r s  be ing  the  Chalk and T r i a s s i c  Sandstone .  Groundwater i s  g e n e r a l l y  
of  h igh  q u a l i t y  b u t ,  in  r e c e n t  y e a r s ,  an i n c r e a s in g  number o f  sou rces  in  the  Chalk, 
T r i a s s i c  Sandstone and o th e r  a q u i f e r s  have shown r i s i n g  n i t r a t e  l e v e l s ,  e s p e c i a l l y  
in  e a s t e r n  England ( r e f s  1 ,2 ) .  In some c a s e s  n i t r a t e  c o n c e n t r a t io n s  in  water  
supp ly  so u rc es  have exceeded the  World Heal th  O rg a n i s a t io n  lower l im i t  of  11.3 mg 
NOj-N/l.  The s i t u a t i o n  concerned the  B r i t i s h  w a ter  in d u s t r y  and led  to  the 
i n i t i a t i o n  o f  programmes o f  f i e l d  and l a b o r a to r y  i n v e s t i g a t i o n  by the  Water Research 
C en tre  (WRC), the  I n s t i t u t e  o f  G eo log ica l  S c iences  (IGS) and, l a t t e r l y ,  the  Regional 
Water A u t h o r i t i e s ,  w i th  the  o b j e c t iv e s  o f :
KeprinU'd from T he Sc ience  o f  th e  T o ta l E n v iro n m en t, 21 (1981) 17—30
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(a)  d e te rm in in g  the  e x te n t  o f  n i t r a t e  c o n tam in a tio n  o f  the  u n s a tu r a t e d  and s a t u r ­
a te d  zones o f  the  B r i t i s h  a q u i f e r s ,
(b) e v a l u a t i n g  th e  mechanisms and r a t e s  o f  movement o f  p o t e n t i a l  p o l l u t a n t s ,  
d e r iv e d  from th e  land s u r f a c e ,  th rough the  u n s a tu r a te d  zone to  the  w a ter  
t a b l e ,  and th rough  th e  s a t u r a t e d  zone to  pumping w e l l s  or  s p r i n g s ,
and
(c )  e s t i s i a t i n g  f u t u r e  t r e n d s  in  groundwater n i t r a t e  c o n c e n t r a t io n s  on bo th  the  
l o c a l  and r e g io n a l  s c a l e s .
Work on th e s e  major r e s e a r c h  programmes i s  s t i l l  c o n t in u in g .  This paper 
d e s c r i b e s  th e  tec h n iq u es  used and reviews the  p r i n c i p a l  r e s u l t s  to  d a t e ,  d i s c u s s in g  
f i r s t  th e  u n s a t u r a t e d ,  and secondly  the  s a t u r a t e d ,  zones.
SOURCES OF NITROGEN INPUT TO GROUNDWATER
The in p u t s  o f  n i t r o g e n  to  a q u i f e r s  may be by d i r e c t  d i s c h a r g e s  from a g r i c u l t u r a l  
w as te s  o r  sewage e f f l u e n t ,  o r  from lea ch in g  th rough  a g r i c u l t u r a l  s o i l s .  The 
c o n t r i b u t i o n  from a g r i c u l t u r a l  s o i l s  i s ,  by and l a r g e ,  much g r e a t e r  than t h a t  from 
e f f l u e n t  d i s c h a r g e s ,  though th e  l a t t e r  may be im portan t  in  c e r t a i n  a r e a s .
N i t ro g en  lo s s e s  from the  s o i l / p l a n t  system may be d iv id e d  i n t o  gaseous l o s s e s ,  
removal by th e  c ro p  and l e a c h in g .  The s o i l s  developed on the  o u tc ro p s  o f  the  
p r i n c i p a l  a q u i f e r s  a r e  w e l l  d r a in e d .  Under a r a b l e  regimes such s o i l s  remain w e l l  
a e r a te d  and l o s s e s  by d e n i t r i f i c a t i o n  appear  to  be s m a l l ,  w h i l s t  m in e r a l i s a t i o n  o f  
o rg a n ic  n i t r o g e n  i s  promoted. However, compaction o f  the  s o i l  under permanent g ra s s  
may lead  to  a n ae ro b ic  c o n d i t i o n s  w i th  d e n i t r i f i c a t i o n  in  the  lower s o i l  l a y e r s  
( r e f .  3 ) .  The r a t e  o f  removal by c ro p s  i s  v a r i a b l e  ( r e f .  4) but a mean va lu e  of 
about  50 p e r  c e n t  o f  the  a p p l i e d  f e r t i l i s e r  n i t r o g e n  has been suggested  ( r e f .  5 ) .
Under B r i t i s h  c l i m a t i c  c o n d i t i o n s  i t  i s  p robab le  t h a t  a p r o p o r t io n  o f  the  
r em ain ing  a p p l ie d  f e r t i l i s e r  i s  a s s i m i l a t e d  by weeds and m ic r o f lo ra  d u r in g  the  
growing sea son .
The r a t e s  o f  a p p l i c a t i o n  of in o rg an ic  f e r t i l i s e r s  to  ro o t  c ro p s  and c e r e a l s  
c u r r e n t l y  range from 90 -  200 kg N/ha ( r e f .  6 ) ,  having in c re a s e d  by between 5 and 
10 tiroes d u r in g  th e  p o s t  35 y e a r s .  The use o f  o rg a n ic  f e r t i l i s e r s  i s  now l im i t e d ,  
though the  sp re ad in g  o f  sewage s ludge  and s l u r r i e s  from i n t e n s i v e  s to c k  r e a r i n g  u n i t s  
i s  p r a c t i s e d  l o c a l l y ,  p r i n c i p a l l y  on to  g r a s s .  <
The m i n e r a l i s a t i o n  of s o i l  o rg an ic  n i t r o g e n  fo l lo w in g  the  p lo u g h in g  of e s t a b l i s h e d  
g r a s s l a n d  has been proposed as a n o th e r  im por tan t  source  of the  n i t r a t e  l o s t  from 
a g r i c u l t u r a l  s o i l s  by l ea ch in g  ( r e f .  6 ) .  The p o t e n t i a l  q u a n t i t y  o f  n i t ro g e n  a v a i l a b l e -  
fo r  m in e r a l i s a t i o n  may be s e v e ra l  thousand kg p e r  h e c t a r e  ( r e f .  7 ) .  Measurements 
made a t  a WRC ex p e r im e n ta l  p l o t  on a 60 cm deep Chalk s o i l  p r o f i l e  in  Sussex, a t  
which p loughing  o f  v i r g i n  g ra s s la n d  f i r s t  occurred  in  A pri l  1978, have in d ic a te d
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t h a t  more titan 200 kg N/ha o f  s o lu b le  n i t r a t e  was leached from th^ fa l lo w  s o i l  
d u r in g  the  w in te r  o f  1978-79 compared w ith  l e s s  than  5 kg N/ha from ben ea th  a g ra s s  
covered  p l o t .
The c o n v e rs io n  o f  p a s tu r e  t o  a r a b l e  land has been a marked f e a t u r e  o f  B r i t i s h  
a g r i c u l t u r e  d u r in g  the  p a s t  100 y e a r s .  At the  t u r n  o f  the  c e n tu ry  about  30% of 
the  land a r e a  was under a r a b l e  c u l t i v a t i o n  and about 40% under g r a s s .  A major 
i n c r e a s e  in  a r a b l e  a c re a g e ,  to  n e a r ly  40% of  the  land a r e a ,  o ccu rred  in  the  1940s, 
w h i le  the  g r a s s  a c reag e  f e l l  to  about 30%. I t  i s  notew orthy t h a t  the  i n c r e a s e  
in  a r a b l e  land was c o n c e n t r a te d  p r i n c i p a l l y  on the  t h in  upland s o i l s  o f  the  
Chalk re ch a rg e  a r e a s .
UNSATURATED ZONE RESULTS
More than  100 b o re h o le s  a t  more than  20 l o c a l i t i e s  (F ig .  1) have been d r i l l e d  
so a s  t o  co v er  the  range o f  d i f f e r i n g  land use  s i t u a t i o n s  and m e te o ro lo g ica l  
c o n d i t i o n s  e n coun tered  a c r o s s  the  o u tc ro p s  of the  major B r i t i s h  a q u i f e r s .  Most 
o f  th e  b o re h o le s  were c o n t in u o u s ly  cored  and s p e c i a l  d r i l l i n g  methods were employed 
t o  avo id  sample c o n ta m in a t io n .  Pore w a te r s  fo r  chem ica l  a n a l y s i s  were e x t r a c t e d  by 
h ig h  speed c e n t r i f u g a t i o n  and were a n a ly sed  u s in g  s ta n d a rd  a u to a n a ly s e r  te c h n iq u e s .  
Samples f o r  t r i t i u m  d e te r m in a t io n  were e x t r a c t e d  by vacuum d i s t i l l a t i o n ,  e n r ic h e d ,  
and measured by s c i n t i l l a t i o n  c o u n t in g .
resea rch  s i le s  
research  ca tch m ents
1 -W est Norfolk
2 -C entral Lincolnshire
3 -S o u th  Yorkshire
4 -W est M idlands
Chalk
50
=L
T r ia ss ic
S a n d sto n es
100 150 km 
I — I
F ig .  I .  L o ca tio n  o f  main r e s e a r c h  s i t e s  and c a tch m en ts .
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N i t r a t e  P r o f i l e s
High n i t r a t e  c o n c e n t r a t io n s  ( o f t e n  >20 mg N / l )  in  the  i n t e r s t i t i a l  w a ter  o f  the 
u n s a t u r a t e d  zone were i n v a r i a b l y  encoun tered  b enea th  a r a b l e  farm ing  reg im es .  
R e l a t i v e ly  smoothly v a ry in g  n i t r a t e  p r o f i l e s  were found to  be c h a r a c t e r i s t i c  of  
s i t e s  on th e  Chalk under co n tin u o u s  a r a b l e  regimes w ith  c o n s i s t e n t  f e r t i l i s e r  
a p p l i c a t i o n  r a t e s  ( r e f .  8 ) .  S in u so id a l  v a r i a t i o n s  of n i t r a t e  c o n c e n t r a t io n  w ith  
d e p th  have been found ben ea th  Chalk s i t e s  a t  which a r a b l e  c ro p p in g  i s  p e r i o d i c a l l y  
i n t e r r u p t e d  by g r a s s  l e y s  (F ig .  2 a ) ,  t h i s  be ing  most ap p a re n t  a t  s i t e s  w i th  long 
term ( 4 - 7  y e a r )  ley s  ( r e f .  6 ) .  The n i t r a t e  p r o f i l e s  b enea th  a r a b l e  and a r a b l e /  
l ey  regimes in  th e  T r i a s s i c  Sandstones (F ig .  2b) have been found to  fo l lo w  a 
s i m i l a r  p a t t e r n ,  but  to  show more r a p id  and i r r e g u l a r  v a r i a t i o n s  w ith  d e p th .  This 
may be a t t r i b u t e d  t o  the  modify ing e f f e c t  of  the  g r e a t e r  h e t e r o g e n e i ty  o f  the  
T r i a s s i c  Sandstones when compared w ith  the  Chalk.
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F ig .  2. U nsa tu ra ted  zone po re -w a te r  n i t r a t e  p r o f i l e s  ben ea th  a r a b l e  land w ith  
g r a s s  ley s .
N i t r a t e  p r o f i l e s  in  the  Chalk and T r i a s s i c  Sandstones ben ea th  permanent 
g r a s s l a n d  r e c e iv i n g  f e r t i l i s e r  a p p l i c a t i o n s  up to  about 250 kg N /h a .y r  have been 
found to  be g e n e r a l l y  l e s s  than  10 mg N/1 ( r e f .  9 ) ,  but  c o n c e n t r a t io n s  in  the  range 
10 -  100 mg N/1 have been measured in  p r o f i l e s  ben ea th  g ra s s la n d  w i th  f e r t i l i s a t i o n  
r a t e s  o f  more th an  400 kg N/ha. P r o f i l e s  measured ben ea th  u n f e r t i l i s e d  g ra ss la n d  
have c o n s i s t e n t l y  shown low n i t r a t e  v a lu e s ,  commonly l e s s  than  1 mg N/1. E s tab l i sh e d  
woodland a p p ea rs  t o  g iv e  r i s e  to  comparable p r o f i l e s .
.1
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T r i t iu m  P r o f i l e s
At many s i t e s  t r i t i u m  p r o f i l e s  have been measured. In the  Chalk (F ig .  3a) the 
peaked form o f  th e  p r o f i l e s  i s  g e n e r a l l y  comparable w i th  t h a t  de te rm ined  fo r  the 
Upper Chalk o f  B e rk sh i re  in  1968 ( r e f .  10), w i th  peak c o n c e n t r a t i o n s  a p p a r e n t ly  
r e c o r d in g  the  p o s i t i o n  o f  i n f i l t r a t i o n  d u r in g  the  w in te r s  o f  1963-64 and 1964-65 
when therm onuclear  t r i t i u m  in  r a i n f a l l  reached maximum v a lu e s .  P r o f i l e s  measured 
in  the  T r i a s s i c  Sandstone a q u i f e r s  (F ig .  3b) a r e  l e s s  well  d e f in e d  than  those  from 
Che Chalk ,  bu t  i n d i c a t e  peak c o n c e n t r a t io n s  a t  dep ths  o f  about 20 m etres  in the  
l a t e  1970s.
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F ig .  3. U n sa tu ra tcd  zone p o re -w ate r  t r i t i u m  p r o f i l e s .
Repeated P r o f i l i n g
The q u e s t io n  must be posed as to  whether the  n i t r a t e  and t r i t i u m  p r o f i l e s  
which have been measured r e s u l t  from a downward m ig ra t io n  of  s o l u t e s ,  o r  whether 
the  p o s i t i o n s  o f  th e  peaks a re  c o n t r o l l e d  by h y d ro g e o lo g ica l  f a c t o r s  such as  the 
p o s i t i o n s  o f  bedding p lan e s  and zones o f  h igh  and low p e r m e a b i l i t y .  D i re c t  
ev idence  o f  movement has come from re p ea te d  d r i l l i n g s  a t  two s i t e s  on the  Chalk. 
At a s i t e  in  Kent ,  h o le s  were d r i l l e d  in  a f i e l d  which has been in  a r a b l e  
c u l t i v a t i o n  s in c e  the  e a r l y  1900s in November 1975 and in October 1978. The 
n i t r a t e  and t r i t i u m  p r o f i l e s  (F ig .  4) i n d i c a t e  a downward movement o f  about 2 m 
which i s  c o n s i s t e n t  w i th  the  low i n f i l t r a t i o n  o f  t h i s  a r e a .  At two s i t e s  in 
N o r fo lk ,  however, p r o f i l i n g  in February  1976, March 1977 and November 1979 has 
f a i l e d  to  r e v e a l  a comparab le ,  c o n s i s t e n t  downward movement.
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Kig. A, Chalk u n s a tu r a t e d  zone p o re -w a te r  n i t r a t e  and t r i t i u m  p r o f i l e s  from 
r e p e a t  d r i l l i n g ,  Kent.
Data I n t e r p r e t a t i o n
At many o f  the  a r a b l e  s i t e s  t h e r e  a p p ea rs  t o  be a good c o r r e l a t i o n  between the  
measured c o n c e n t r a t io n  in  th e  pore  w a te r  and the  mass o f  u n a cc o u n te d - fo r  f e r t i l i s e r  
n i t r o g e n  when e x p ressed  a s  a mean c o n c e n t r a t io n  in the  r e s i d u a l  r a i n f a l l .  This 
r e l a t i o n s h i p  has been embodied in  a model o f  v e r t i c a l  t r a n s p o r t  of  n i t r a t e  th rough 
th e  u n s a tu r a t e d  zone ( r e f .  I I ) .
The mass of n i t r o g e n  r e le a s e d  each year  in  the  s o i l  l a y e r s  fo r  up take  by 
i n f i l t r a t i n g  w a ter  was assumed to  depend on p r e s e n t  and a n te ce d e n t  f i e l d  use and 
f e r t i l i s e r  a p p l i c a t i o n .  Kolcnbrander ( r e f .  5) has e s t im a te d  t h a t  fo r  ro o t  c rops  
and c e r e a l s  50 pe r  c e n t  o f  the  a p p l ie d  f e r t i l i s e r  becomes a v a i l a b l e  as o rg a n ic  
m a te r i a l  fo r  m i n e r a l i s a t i o n ,  and i t  was assumed in  the  model t h a t  t h i s  q u a n t i t y  
le a ch e s  from the  s o i l  zone. Not a l l  o f  t h i s  m a te r i a l  i s  a v a i l a b l e  in the  year  of  
a p p l i c a t i o n .  Using K o lcnbrander ' s work as a b a s i s ,  i t  was assumed t h a t  m in e r a l i s a t i o n  
t a k e s  p lac e  over a t h r e e - y e a r  p e r io d .  A major c o n t r i b u t i o n  to  n i t r a t e  l e a c h in g  comes 
from the  p loughing  o f  g r a s s l a n d .  By matching the  model r e s u l t s  to  the  observed 
n i t r a t e  p r o f i l e s  in  a number of b o re h o le s  i t  was p o s s ib l e  to e s t im a te  the  mass of
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n i t r a t e  r e le a s e d  by p loughing  g r a s s l a n d s  to  be 100 kg N/ha f o r  a I y e a r  l e y ,  i n c r e a s in g  
to  280 kg N/ha f o r  a ley  of A y e a r s  o r  more.
For each year  o f  s im u la t io n  the  fo l lo w in g  sequence of  com puta tions  i s  u nder­
tak en :
1 E v a lu a te  the  mass o f  n i t r a t e  pe r  u n i t  s u r f a c e  a rea  a v a i l a b l e  fo r  l e a c h in g  from
the  s o i l  zone u s in g  the  land use h i s t o r y  and model r e l e a s e  r u l e s .
2 Divide th e  mass o f  n i t r a t e  leached by the  i n f i l t r a t i o n  to  o b ta in  the  mean 
annual  c o n c e n t r a t io n .
3 Route a f ix e d  f r a c t i o n ,  t y p i c a l l y  5 -  10%, of  the  l e a c h a t e  d i r e c t l y  to  the
w ater  t a b l e ,  c o n c e p tu a l ly  th rough  the  l a r g e r  f i s s u r e s .
A With th e  rem ain ing  l e a c h a t e  f i l l  the  a v a i l a b l e  pore  space a t  the  top o f  the  
u n s a tu r a t e d  zone, d i s p l a c i n g  downwards w a ter  and s o l u t e s  a l r e a d y  in  the  
p r o f i l e ,  in  a p i s t o n - l i k e  manner.
5 Aggregate  w a te r  and s o l u t e s  so d i s p l a c e d  from th e  base  o f  th e  u n s a tu r a t e d  
zone w ith  those  moving r a p id l y  downwards v i a  the  l a r g e r  f i s s u r e s  to  o b t a in  
th e  n e t  f l u x e s  a t  the  w a te r  t a b l e .
6 Apply d i s p e r s i o n  e q u a t io n  to  the  s o l u t e  p r o f i l e .
The model has s u c c e s s f u l l y  s im u la ted  n i t r a t e  and t r i t i u m  p r o f i l e s  measured a t  
a number o f  s i t e s ,  ( e . g .  F ig .  5 ) .  The t r i t i u m  p r o f i l e s  were s im u la ted  w ith  in p u ts  
e s t im a te d  by a s imple  s o i l  m o is tu re  model to  take  account  o f  the  se a so n a l  f l u c t u a t i o n  
o f  t r i t i u m  in  r a i n f a l l .  D e sp i te  the  a b i l i t y  o f  models of  t h i s  type  to  s im u la te  some 
observed p r o f i l e s ,  the  mechanisms of the  w a ter  and s o l u t e  movement in  th e  u n s a tu ra te d  
zone a r e  not f u l l y  u nde rs tood  ( r e f s  I2 ,1 3 ,1 A ) ,  and r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  The 
assumed r u l e s  f o r  the  r e l e a s e  o f  n i t r a t e  from a g r i c u l t u r a l  s o i l s  may a l s o  r e q u i r e  
some r e f in e m e n t .
SATURATED ZONE
The r e s e a r c h  methods used in the  i n v e s t i g a t i o n  of the  s a t u r a t e d  zone included 
(a )  p o re -w a te r  p r o f i l i n g  fo r  n i t r o g e n  s p e c i e s ,  major io n s ,  some t r a c e  e lem en ts  and 
c e r t a i n  i so to p e s  ( p r i n c i p a l l y  t r i t i u m )  u s in g  s i m i l a r  sampling t e c h n iq u es  to  those  
d e s c r ib e d  f o r  the  u n s a tu r a t e d  zone, (b) f i e l d  pumping t e s t s ,  b o reh o le  flow logging  
and l a b o r a to r y  c o re  a n a l y s i s  to  e s t a b l i s h  the  a q u i f e r  h y d r a u l i c  p r o p e r t i e s  and 
groundwater flow p a t t e r n ,  and (c)  i n s t a l l a t i o n  and o p e r a t io n  o f  groundwater 
m o n i to r in g /s am p l in g  networks to  de te rm ine  temporal v a r i a t i o n s  in  groundwater 
q u a l i t y .
S e lec ted  r e s u l t s  from fo u r  r e s e a r c h  catchm ents  w i l l  be p re se n te d  h e re .  Three 
of the  catchm en ts  a r e  lo ca ted  in  e a s t e r n  England, and, in  each c ase  more than 
80% o f  the  a q u i f e r  o u tc ro p  a re a  i s  lo n g - s ta n d in g  a r a b l e  land r e c e iv i n g  in o rg an ic  
f e r t i l i s e r .  The f o u r th  i s  a p redom inan t ly  a r a b l e  catchment in  c e n t r a l  England, in 
which in o rg a n ic  f e r t i l i s a t i o n  i s  supplemented by sewage sp re ad in g  to  s e l e c t e d  a r e a s .
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Fig .  5. S im u la t io n  o f  Chalk u n s a tu r a t e d  zone n i t r a t e  and t r i t i u m  p r o f i l e s ,  Hampshire.
The th r e e  a q u i f e r s  involved  ( th e  Chalk,  J u r a s s i c  Limestone and T r i a s s i c  Sandstone) 
a r e  porous bedrock fo rm a t io n s ,  but  t h e r e  a r e  some s i g n i f i c a n t  d i f f e r e n c e s  in  
t h e i r  h y d r a u l i c  p r o p e r t i e s  (Table  I ) .
Aqui f e r
Labora to ry  T es ts  
T. 0
F ie ld  T e s ts  
^  Sy
S a tu r a te d  Zone 
Flow Regime
Chalk 0.001 <I 0 .30 500+ 0.01 f i s s u r e
J u r a s s i c  Limestone 0.0001 <1 0 .20 500+ <0.01 f i s s u r e
T r i a s s i c  Sandstone 2.0 300 0 .25 400 0.  10 i n t e r g r a n u l a r
* (minor f i s s u r e )
Kjj i n le r g i  a n u la r  h o r i z o n ta l  c o n d u c t iv i ty  (m/d)
T ./T^ c a l c u l a t e d  i n t e r g r a n u l a r / f i e l d  t r a n s m i s s i v i t y  (m^/d)
Sy
p o r o s i t y  
s p e c i f i c  y i e l d
TABLlv 1
Aqu ife r  h y d r a u l i c  p r o p e r t i e s
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Chalk o f  West Norfolk
The zone of n a tu r a l  groundwater t a b l e  f l u c t u a t i o n ,  and the immediately  u n d e r ly in g  
s t r a t a  in  t h i s  catchment a re  known to  p o sses s  h igh  t r a n s m i s s i v i t y  (F ig .  6 a ) .  The 
d i s t i n c t i v e  f e a t u r e s  o f  the  s a t u r a t e d  zone p o re -w a te r  p r o f i l e s  (F ig .  7a) a re  (a)  
v a r i a b l e ,  h igh  c o n c e n t r a t io n s  of NO^-N, SO^,Cl, and v a r io u s  o th e r  c o n s t i t u e n t s ,  
in  the  upper p a r t  o f  t h a t  zone, (b)  r e l a t i v e l y  h igh  NO^-N c o n c e n t r a t io n s  (8-15 m g/l)  
th rough c o n s id e r a b le  t h ic k n e s s  o f  the  s a t u r a t e d  zone, and (c) a d e c re as e  in  NO^-N 
c o n c e n t r a t io n s  to  very  low l e v e l s  a t  d e p th ,  in  a zone b e l ie v ed  to  be w i th o u t  
s i g n i f i c a n t  n a tu r a l  groundwater c i r c u l a t i o n .
F ( a  )
7 5 i Q = 2Ml/d
gso-
E 25-
W
7 5 -
Q = lMl/d
0  =11 M l / d  E
25 m g /l
1 5 - 2 5
—   current maximum ground-
Ÿ v/oter level and range of 
flu c tu a tio n
NOyN concentration in 
pore -  water (1976-80)
Vertical exaggeration x17
F ig .  6. S im p l i f i e d  s e c t i o n s  o f  (a) Chalk o f  West N orfo lk ,  (b) J u r a s s i c  Limestone 
o f  C e n t r a l  L in c o ln s h i r e  (c)  T r i a s s i c  Sandstone of South Y o rk sh ire .
C a re fu l  m o n ito r in g  of p u r p o s e - d r i l l e d  o b s e r v a t io n  b o re h o le s  completed over 
r e s t r i c t e d  d ep th  ranges  has shown the  mobile ( f i s s u r e )  groundwater a t  d ep th  a l s o  
to  have s i g n i f i c a n t l y  lower NO^-N, SO^, Cl and Ca c o n c e n t r a t io n s  than the  l a rg e
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( i n t e r m i t t e n t )  f i s s u r e  f lows in  the  zone o f  sea so n a l  groundwater t a b l e  f l u c t u a t i o n .  
I'umpcd groundwater s u p p l i e s  c u r r e n t l y  d i s p l a y  on ly  s l i g h t  sea so n a l  v a r i a t i o n s  in  
tlte range 13 -  15 mg N/1.
5 10 20 50 100mg/I 5 10 20 50 100 200 m g/l
^  pefmanerttyunsqturoiecl zone-10m in both coses
** . * * • • • CH / * *, z, \
504
zone of seasonal water W  
toble ftuctuotion
apparent depth of 
p o s t - 1 ^  
post 1963
therm onuclear tritium  70-^
.r'adjacent area with 
.groundwater confmed 
beneath Drift 
(N0yN<01mg/l)
F ig .  7. Chemical p r o f i l e s  o f  s a t u r a t e d  zone p o re -w a te rs  from o u tc ro p  a rea  of (a) 
Chalk of West N orfo lk  in  1976, (b) T r i a s s i c  Sandstone of South Y orksh ire  in 1980,
J u r a s s i c  Limestone o f  C e n t r a l  L in c o ln s h i r e
Comparable to  th e  West Norfo lk  Chalk ,  the  J u r a s s i c  Limestone a q u i f e r  i s  o f  the 
porous f i s s u r e - f l o w  type  (Table  1) ,  bu t  both  i t s  u n s a tu r a t e d  and permanently  
s a t u r a t e d  zones a r e  t h in n e r  (F ig .  6 b ) .  I t  thus  has very  low t o t a l ,  and m ob ile ,  w a ter  
s t o r a g e ,  w i th  l im i te d  c a p a c i t y  to  r e t a r d  the  passage  o f  so lu b le  p o l l u t a n t s  d e r iv ed  
from the  land s u r f a c e .  I t  i s ,  t h e r e f o r e ,  l i k e l y  t h a t  the  chem ica l  com pos it ion  of 
groundwater d i s c h a rg e  from t h i s  ca tchm ent,  bo th  n a tu r a l  and pumped, w i l l  more 
d i r e c t l y  r e f l e c t  th e  in f lu e n c e  of r e c e n t  a g r i c u l t u r a l  p r a c t i c e  than  w i l l  most ground­
w ater  sys tem s.  The f a c t  t h a t  pumped groundwater s u p p l i e s  in t h i s  a r e a  show marked 
se a so n a l  v a r i a t i o n  in  NO^-N c o n c e n t r a t i o n  (F ig .  8 ) ,  and in  v a r io u s  o th e r  c o n s t i t u e n t s  
( e . g . :  SO  ^ c u r r e n t l y  from 110-150 m g / l ) ,  to  some e x te n t  b e a rs  t h i s  o u t ,  and th ese  
d a t a  a r c  o f  e s p e c i a l  i n t e r e s t  fo r  t h a t  re a so n .  Some c a u t io n  i s  r e q u i r e d  in  i n t e r ­
p r e t i n g  th e  d a t a ,  however, because (a)  the  pumping wel l  i s  lo ca ted  down g r a d ie n t  
from the  main sp r in g  d i s c h a r g e s  in the  ca tchm en t,  (b) groundwater pumping ceased fo r  
extended p e r io d s  in  1979 and 1980, and (c)  the  m o n i to r in g  has a r e l a t i v e l y  s h o r t  
t im e-b ase  th rough a sequence o f  unusual  c l i m a t i c  e p is o d e s .  N e v e r th e le s s ,  the  d a ta  
g ive  cause  fo r  s e r io u s  concern  about the  p o s s i b i l i t y  of  a s t i l l  r i s i n g  t rend  in  
NOg-N c o n c e n t r a t i o n s ,  p o s s ib ly  as a r e s u l t  of  in c re a s e d  lea ch in g  lo s s e s  fo l low ing
') ■ <-« ift
U  -17mg/l 
durrtg  1967-76
so u rce  not pumped 
occasional sam ples only
\ r :
s ta r t  of 
recharge
upper WHO
lower
envelope for twice 
weekly sam ples - 
pumping .  1 M|/d
1975* 1976 1977 1978 1979 1980
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F ig .  8 .  N i t r a t e  c o n c e n t r a t io n  of groundwater d i s c h a rg e  from J u r a s s i c  Limestone,  
C e n t r a l  L in c o l n s h i r e .
r e c e n t  minor i n c r e a s e s  in  f e r t i l i s e r  a p p l i c a t i o n s  on some a r a b l e  c ro p s  o r  o f  a 
lo n g -c o n t in u in g  slow a d ju s tm en t  o f  s o i l  n i t r o g e n  l e v e l s  to  e a r l i e r  major changes 
in  a r a b l e  fa rm ing p r a c t i c e s  d u r in g  the  1960s.
T r i a s s i c  Sandstone o f  South Yorksh ire
T h is  catchm ent i s  d i s t i n c t  i n  b e in g  u n d e r la in  by a t h ic k  porous sands tone  in  
which i n t e r g r a n u l a r  flow app ea rs  to  dominate (Table  I ) ,  and hav ing  l i t t l e ,  i f  
any ,  n a t u r a l  groundwater c i r c u l a t i o n ,  most o f  the  flow hav ing  been induced s in c e  
major groundwater a b s t r a c t i o n  commenced in  1968 (F ig .  6 c ) .  The a q u i f e r  o u t c r o p /  
in ta k e  a r e a  i s  l a r g e ly  u t i l i s e d  f o r  h ig h - y ie ld  c e r e a l  farm ing.
N i t r a t e  c o n c e n t r a t io n s  in  pumped groundwater s u p p l i e s  ro se  r a p id l y  q u i t e  soon 
a f t e r  i n i t i a l  development,  and c u r r e n t l y  s tand  a t  10 -  14 mg N/1. Moreover, 
cored  b o re h o le s  ben ea th  the  o u tc ro p  a re a  show deep p e n e t r a t i o n  o f  e le v a t e d  concen­
t r a t i o n s  o f  NOj-N, SO  ^ (F ig .  7b ) ,  and c e r t a i n  o t h e r  major ions  (Ca, C l ,  Na) and 
t r a c e  e lem en ts  (Mg, K, Ba, S r ,  B ) . Very h igh  c o n c e n t r a t io n s  a t  sh a l lo w  dep th  
b enea th  the  groundwater t a b l e  g ive  cause  f o r  concern  and the  regime of groundwater 
f low and p o l l u t a n t  d i s p e r s i o n  i s  s t i l l  under i n v e s t i g a t i o n .
Groundwater u n d e r ly in g  a d ja c e n t  a r e a s  covered by low p e r m e a b i l i t y ,  l a c u s t r i n e  
( D r i f t )  d e p o s i t s  (F ig .  6c) e x h i b i t s  a marked c o n t r a s t  in q u a l i t y  (F ig .  7b ) ,  but i s  
expec ted  to  be ,  fo r  the  most p a r t ,  o f  c o n s id e r a b ly  o ld e r  age .  E x p lo i t a t i o n  of  t h i s  
s t o r a g e  as  a sou rce  of low n i t r a t e  groundwater s u p p l i e s  has r e c e n t l y  commenced and 
d e t a i l e d  m o n i to r in g  i s  be ing  undertaken  to  de te rm in e  the  re sponse  o f  the  system.
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T r i a s s i c  Sandstone o f  West Midlands
The a q u i f e r  o u tc ro p  a re a  i s  r e l a t i v e l y  d r i f t - f r e e  and i n t e n s i v e l y  farmed. Flows
in  t h i s  catchment a r e  p redom inantly  i n t e r g r a n u l a r ,  but n i t r a t e  p r o f i l i n g  to  dep th s
of g r e a t e r  tlian 100 m' below the  w a ter  t a b l e  has re v ea led  s t r o n g  s t r a t i g r a p h i e  c o n tro
on s o l u t e  movement i n  the  s a t u r a t e d  zone. Higher n i t r a t e  c o n c e n t r a t i o n s ,  up to
20 mg N/1, were a s s o c i a t e d  w ith  th e  major flow h o r izo n s  w i th in  a 60 m th ic k
c o a r s e ,  c o n g lo m e r i t ic  sandstone  j u s t  below the  water  t a b l e .  The a r e a l  d i s t r i b u t i o n
of  n i t r a t e  in  groundwater i s  dominated by the  d i s c h a rg e  of about  5000 m /d of
2
sewage to  g r a s s l a n d  in  an a r a b l e / l e y  r o t a t i o n ,  w i th in  an a rea  o f  n e a r ly  2 km 
(F ig .  9 a ) .  The sewage i s  sp read  by a p ipe  system and a llowed to  seep i n to  the  
s o i l  th rough  ploughed c h a n n e ls .
( a ) ( b )
o
• • •
Triassic
S a n d sto n e
1 km
o public supply w e lls  
generalised  groundwater 
^  tlow  directions
mg N/1
—  m ea su red  
• • s im u la te d
60 80 2000 20
Fig .  9 .  T r i a s s i c  Sandstone of West Midlands; catchment c h a r a c t e r i s t i c s  and measured 
and s im u la ted  n i t r a t e  c o n c e n t r a t io n s  in  pumped d i s c h a r g e s .
N i t r a t e  c o n c e n t r a t io n s  in  d i s c h a rg e  from the  th re e  major pumping s t a t i o n s  in 
th e  catchm ent a r e  r i s i n g  (F ig .  9b ) ,  and a groundwater q u a l i t y  model has been b u i l t  
to  p ro v id e  p r e d i c t i o n s  o f  f u tu r e  t r e n d s .  The model used the  same r u l e s  f o r  the  
r e l e a s e  of n i t r a t e  from a g r i c u l t u r a l  s o i l s  a s  the  u n s a tu r a t e d  zone model,  the  
n i t r a t e  in  the  sewage e f f l u e n t  be ing  t r e a t e d  in  the  same manner as  in o rg an ic  
f e r t i l i s e r  a d d i t i o n s .  The model u t i l i s e d  flows c a l c u l a t e d  from a groundwater flow 
model to  ro u te  n i t r a t e  th rough the  s a t u r a t e d  zone, and n i t r a t e  f lu x e s  a c ro s s  the
!' ";ni
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w a te r  t a b l e  were c a l c u l a t e d  from the  time s e r i e s  o f  n i t r a t e  leached  from the  s o i l  
zone by a p p ly in g  lags  dependent on the  u n s a tu r a t c d  zone t h ic k n e s s  and i n f i l t r a t i o n  
r a t e .  In  t h i s  catchm ent the  r a t e  o f  movement o f  n i t r a t e  th rough the  u n s a tu r a t e d  
zone was e s t im a te d  to  be between I and 2 m /yr .  N i t r a t e  c o n c e n t r a t io n s  in  the  
s a t u r a t e d  zone were c a l c u l a t e d  w ith  a fu l ly -m ix ed  c e l l  model which assumes 
complete  mixing o f  n i t r a t e  over the  f u l l  s a t u r a t e d  d ep th  ( r e f .  11). The model 
p r e d i c t i o n s  o f  n i t r a t e  c o n c e n t r a t io n  in  d i s c h a rg e  from the  major pumping s t a t i o n s  
compare well  w ith  measured v a lu e s  (F ig .  9 b ) ,  and imply t h a t  e q u i l i b r iu m  w ith  
c u r r e n t  a g r i c u l t u r a l  a c t i v i t y  has no t  y e t  been e s t a b l i s h e d .
S im i l a r  models have been s u c e s s f u l l y  a p p l ie d  to  Chalk ca tch m en ts .  However, 
such models may not  be u n i v e r s a l l y  a p p l i c a b l e ,  and the  p r e d i c t i o n s  must be c a r e f u l l y  
co n s id e re d  in  r e l a t i o n  to  the  model a ssum ptions ,  p a r t i c u l a r l y  t h a t  o f  complete 
m ixing over  the  f u l l  s a t u r a t e d  d e p th .  Although t h a t  i s  not v a l i d  in  t h i s  ca tchm ent,  
th e  a b s t r a c t i o n  w e l l s  a r e  f u l l y  p e n e t r a t i n g  and w i l l ,  l o c a l l y ,  e n su re  complete 
m ix ing .
CONCLUSIONS
1 High n i t r a t e  c o n c e n t r a t i o n s ,  t y p i c a l l y  15-50 mg N / l ,  a r e  c h a r a c t e r i s t i c  o f  
u n s a tu r a t c d  zone p o re -w a te rs  in  a r a b l e  fa rm ing a r e a s ;  low n i t r a t e  c o n c e n t r a t io n s ,  
g e n e r a l l y  l e s s  than  5 mg N/1, a r e  found b enea th  m o dera te ly  f e r t i l i s e d  and 
u n f e r t i l i s e d  g r a s s l a n d .
2 Mathematical models o f  s o l u t e  t r a n s p o r t  in  the  u n s a tu r a t e d  zone have g iven  good
s im u la t io n s  o f  measured n i t r a t e  and t r i t i u m  p r o f i l e s .  They imply t h a t  about 
50% o f  the  f e r t i l i s e r  n i t r o g e n  a p p l ie d  to  c rops  i s  leached from the s o i l
zone,  and t h a t  ploughed g ra s s  leach es  up to  280 Kg N/ha.
3 In  a r a b l e  farm ing a re a s  n i t r a t e  c o n c e n t r a t io n s  in  excess  of  20 mg N/1 have been
measured over  c o n s id e ra b le  d ep th s  o f  the  s a t u r a t e d  zones o f  the  major B r i t i s h  
a q u i f e r s ,  implying t h a t  the  i n p u ts  from the  land s u r f a c e  in  th e se  a r e a s  must 
have c o n ta in ed  s i m i l a r  mean c o n c e n t r a t io n s  over  f a i r l y  long p e r io d s .  Beneath 
c o n f in in g  s t r a t a  n i t r a t e  c o n c e n t r a t io n s  a re  g e n e r a l ly  low.
4 Models o f  s o l u t e  t r a n s p o r t  in the  s a t u r a t e d  zone have been s u c c e s s f u l l y  
a p p l i e d  to  some ca tchm en ts ,  and have in d ic a te d  t h a t ,  in  g e n e r a l ,  n i t r a t e  
c o n c e n t r a t io n s  w i l l  co n t in u e  to  r i s e  fo r  some time b e fo re  s t a b i l i s i n g .
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ABSTRACT
During the coning decade much g r e a t e r  emplwsis wi l l  be placed in developing 
co u n t r i e s  on groundwater ex p lo i t a t i o n  fo r  dr i nking wat er - supp l i e s  and on unsewered 
s a n i t a t i o n .  In c e r t a i n  hydrogeological  condi t ions t hese  low co s t  t echnologies  may 
be in c o n f l i c t  and an i n t eg r a t ed  approach i s  requ i red  to avoid new po l l u t i on  hazards.  
This paper  b r i e f l y  reviews the f a c t o r s  in f l uenc ing  the survival  and migra t ion  of  
faecal  ba c t e r i a  and v i ru s e s  in groundwater systems,  a s s e s se s  the t h r e a t  of  chemical 
p o l l u t i o n ,  and i d e n t i f i e s  the c r i t i c a l  f a c t o r s  in the eva lua t i on  of  groundwater 
po l l u t i o n  r i s k .
INTRODUCTION
The per i od 1981-90 has been adopted by the UN General Assembly as the I n t e r ­
na t i ona l  Drinking Water Supply and San i t a t i on  Decade. The goal o f  t h i s  decade i s  
t h a t  a l l  people  should have access  to an adequate water - supply  and a s a t i s f a c t o r y  
means o f  excre t a  d isposa l  in o rder  to reduce the incidence of  water  and excreta  
r e l a t e d  d i s e a s e s .  Groundwater i s  widely used,  and wil l  be i nc r ea s ing ly  developed,  
s ince  i t  i s  normally the cheapest  and s a f e s t  source of  un t r ea ted potabl e water 
in developing co u n t r i e s .  I t  has a l so  been e s t ab l i s hed  t h a t  unsewered (o n - s i t e )  
s a n i t a t i o n  can provide adequate s e rv i ce  l eve l s  f o r  excre t a  disposal  a t  s ub s t a n t i a l l y  
l e s s  co s t  than mains sewerage systems ( r e f .  1).
CLASSICAL RESEARCH ON UNSEWERED SANITATION
The na tur a l  so i l  p r o f i l e  has long been recognised as an e f f e c t i v e  system for  
wastewater  d i s po sa l .  The de t a i l ed  s t ud i e s  of  some ea r l y  re s ea rche rs  ( r e f s .  2 - 4 )
Ki'Urinlixl from T h r  S r i r n r c  n f  I h r  T n l n l  h ' t n t i t t i n m r n i  91 .'S9
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a re  d i r e c t l y  r e l evan t  because they r e l a t e  to broadly comparable excreta  disposal  
u n i t s  ( l a t r i n e s ) .  Most i nv es t i ga t i on s  were r e s t r i c t e d  to s i t u a t i o n s  where excreta 
were discharged d i r e c t l y  in to the  s a tu r a t ed  zone ( f i g .  1);  l a t e r a l  migrat ion of 
f aecal  bac t e r i a  did not  gen e ra l l y  exceed 10 m in the groundwater f low d i r e c t i o n ,  
a l though a broader  plume of  chemical contaminat ion could be de t ec ted over much 
l a r g e r  d i s t a nc e s .  The ex t en t  o f  ba c t e r i o log i ca l  po l l u t i on  was observed to reduce 
with t ime,  concomitant  wi th the formation of  a c ru s t  on l a t r i n e  wal ls  as a r e s u l t  
of  pore clogging.  In unsa tur a t ed  s o i l s  f aecal  bac t e r i a  were r a r e l y  found to 
p ene t r a t e  more than 1.0 m below a l a t r i n e .  These r e s u l t s  suggested 15 m as the 
sa f e  l a t e r a l  s epa r a t i on  between groundwater supply i n s t a l l a t i o n s  and excreta  d i s ­
posal  u n i t s ;  a gu ide l i ne  which has been very widely adopted by pub l i c -hea l t h  
eng inee rs .  A s e r i ous  l i m i t a t i o n  of  the s t u d i e s ,  however, i s  t h a t  they sampled 
r e s t r i c t e d  ground cond i t i ons ;  e s s e n t i a l l y  sandy format ions with mean g ra in  s i zes  
and s a t u r a t ed  groundwater flow v e l o c i t i e s  o f  l e s s  than 300 ym and 1.0 m/d re spec­
t i v e ly .
Not a l 1 hydrogeological  environments a r e  equal l y e f f e c t i v e  fo r  e f f l u e n t  p u r i f i ­
c a t i on .  Under c e r t a i n  cond i t i ons ,  in unconfined (w a t e r - t ab l e )  a q u i f e r s ,  l a t r i n e s  
may r ep re sen t  a s e r i ous  po l l u t i on  r i sk  to groundwater ,  and thus to neighbouring 
water - supply  i n s t a l l a t i o n s ,  such as borehol es ,  wel l s  and sp r i ngs ,  and sometimes 
a l so  to water  r e t i c u l a t i o n  mains subj ec t  to i n t e r m i t t e n t  d ep re s su r i s a t i o n .  On 
t he o th e r  hand, i f  aq u i f e r s  a r e  e s s e n t i a l l y  confined o r  semi-conf ined ( f i g .  1), 
o r  where t h i ck  unsa tur a t ed  zones o f  unconsol ida t ed s t r a t a  a r e  p r e sen t  above 
unconfined a q u i f e r s  ( f i g .  1) ,  a 15 m sepa ra t ion  may be too conse rva t i ve .  For 
va r i ous  soc i a l  reasons the minimum p ra c t i c a b l e  s epa ra t i on  wi l l  o f t en  be de s i r ed .  
This paper c o n s t i t u t e s  the synopsis  of  a major desk study on the s u b j e c t ,  i n t e r ­
pre t ed  in the l i g h t  o f  f i e l d  exper i ence  ( r e f .  5).
MICROBIAL MIGRATION IN GROUNDWATER SYSTEMS
Role of  s o i l - u n s a tu r a t e d  zone in e f f l u e n t  p u r i f i c a t i o n
I t  i s  cons idered t h a t  i n f i l t r a t i o n  i n t o ,  and through,  the unsa tur a t ed zone 
a f f o rd s  the f i r s t  l i n e ,  and by f a r  the most important  l i n e ,  of  defence aga in s t  
p o l l u t i on  fo r  under lying a qu i f e r s  from which groundwater suppl ies  may be drawn.
The performance o f  most l a t r i n e s  depends p r i ma r i l y  on the a b i l i t y  of  t he  s o i l s  and 
rocks of  t he  unsa tur a t ed  zone to accept  and to pu r i f y  sewage e f f l u e n t :  funct ions  
which may be in c o n f l i c t  and r e l a t e ,  e i t h e r  d i r e c t l y  or  i n d i r e c t l y ,  to the 
hydraul ic  c h a r a c t e r i s t i c s .
The unsa tu r a t ed  zone con ta ins  cont i nuous ly varying p ropor t ions  of water  and 
a i r ;  the  mo i s tu r e  cont en t  and the unsa tur a t ed v e r t i c a l  hydraul ic  conduct i vi t y  
being a f unc t i on  o f  the  p r e va i l i ng  moi s ture  po t en t i a l  or  tens ion ( f i g .  2).  Some 
sands and sands tones  have r e l a t i v e l y  l a rge  pores which d ra in abrupt ly  a t  qu i t e  
low t ens ions ,  in c o n t r a s t  to c lays  and s i l t s t o n e s  whose water  i s  s t rongly
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Fig,  1. Sketch s ec t i ons  i l l u s t r a t i n g  t ypi ca l  p o l l u t i on  regimes;  unconfined 
aq u i f e r  wi th  (a)  deep and (b) s ea sona l l y  shal low groundwater t a b l e  and (c) semi- 
conf ined aq u i f e r .
r e t a i ned  in very f i n e  pores .  Most consol i da t ed  rocks ,  and some c l a y s ,  con ta in  
sub -p l anar  voids (normally known a s  f i s s u r e s ) ,  which wi l l  a l so  only con ta in  (and 
conduct)  water  a t  very low t ens ions  ( f i g .  2) .  In consequence,  unsa tur a t ed  
v e r t i c a l  hydraul ic  con duc t i v i t y  o f t en  decreases  d r ama t i ca l l y  w i th  r educ t ion  in 
mo i s tu re  cont en t  and groundwater flow r a t e s  in t he  unsa tur a t ed
zone do not  normally average  more than 0 .3 m/d. However, under cond i t i ons  of 
heavy a r t i f i c i a l  hydrau l i c  loading o r  of  high i n t e n s i t y  i n f i l t r a t i n g  r a i n f a l l ,  
in f i s s u r ed  format ion ,  they may be much higher .
When l a t r i n e  e f f l u e n t  en t e r s  the  unsa tur a t ed  zone,  pore clogging develops a t  
the  i n f i l t r a t i o n  su r f ace  as  a r e s u l t  of  (a)  changes in so i l  s t r u c t u r e  caused by 
ca t i on  exchange and swe ll ing  o f  c l ay  mine ra l s ,  (b) blockage o f  so i l  pores with 
f i l t e r e d  s o l i d s ,  (c)  depo s i t i o n  o f  s l imes  through bac t e r i a l  a c t i v i t y  and (d) 
p r e c i p i t a t i o n  o f  i n s o l ub l e  metal su lph ide s ,  deoxygenated cond i t i ons  developing 
a f t e r  ponding has become e s t a b l i she d  ( r e f .  6 ) .  Although pore clogging may 
r e s u l t  in the  f a i l u r e  o f  some l a t r i n e s ,  due to sur fac ing of  e f f l u e n t ,  the  c ru s t  
performs important  r o l e s :  (a)  i t  a c t s  as  a very e f f e c t i v e  f i l t r a t i o n  ( s t r a i n in g )
medium fo r  f aecal  b ac t e r i a  ( s i z e  0 . 5  - 5.0 pm), which a r e  e l imina ted by a n t a ­
g o n i s t i c  anaerobes ,  and (b) by reducing t he  e f f e c t i v e  i n f i l t r a t i o n  r a t e  per 
u n i t  a rea  i t  ensures  t h a t  the  mo is ture  p o t e n t i a l ,  in the unsa tur a t ed  zone below, 
remains r e l a t i v e l y  high,  thereby g r e a t l y  reducing i t s  v e r t i c a l  hydraul ic  con­
d u c t i v i t y ,  incr eas ing  i t s  groundwater r e s i dence  t ime and minimising t he  p o s s i ­
b i l i t y  of  p r e f e r r ed  ( r ap id )  f low in aggregated c lay  s o i l s  and f i s su r e d  rocks .
Passage through the  c r u s t  r e s u l t s  in the  e l im ina t i on  o f  a very l a rge  pro­
por t ion  o f  the  fa eca l  bac t e r i a  i n l a t r i n e  e f f l u e n t ,  but popu la t i ons a r e  so high 
(probably 10^/100 ml) t h a t  s i g n i f i c a n t  numbers s t i l l  en t e r  the unsa tur a t ed  zone. 
Surface adso rp t ion  on mineral  su r f a ce s ,  wi th  degrada t ion  by o th e r  ( aerobic )  
b ac t e r i a ,  i s  bel ieved to be the predominant e l imina t i on  process  here and is
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Fig.  2.  Mois ture con t en t  a s  a f unc t ion o f  mat r i x po t en t i a l  ( t en s ion ) .
enhanced when l i qu id  movement occurs  only in the smal l er  pores of  the so i l / r o c k  
w i th  maximum med ia - l i qu id  co n t ac t .
P r ed i c t i on  of  the surv iva l  t ime o f  fa eca l  ba c t e r i a  in subsurface  environments 
i s  compl icated by t he  many c o n t r o l l i n g  f a c t o r s ;  moi sture  con t e n t ,  tempera ture ,  
a c i d i t y ,  t oge th e r  wi th o r g a n i c / n u t r i e n t  l eve l s  and an t a go n i s t i c  microbial  popu­
l a t i o n s .  In s o i l s ,  faeca l  co l i f orms gen e ra l l y  survive  l e s s  than 60 days,  with 
t^Q ( t ime fo r  90% popu la t ion  r educt i on )  normally l e s s  than 15 days ,  but under 
coo l ,  mo i s t ,  a l k a l i n e  cond i t i ons  a hardy r e s idual  f r a c t i o n  may surv ive  fo r  many 
months.  In groundwater ,  except ional  su rv iva l s  o f  over  100 days have been 
r e po r t ed ,  but b ac t e r i a l  h a l f - l i f e  in well and l abora to ry  groundwaters i s  mainly 
in t he  range 0 .3  - 1.0 d ,  t h a t  i s  tgg l e s s  than 11 days ( r e f . 7 ).
Viruses (0.01 - 0.1 d i ameter )  a r e  the  sma l l e s t  excre t ed  pathogens and
d i f f e r  fundamental ly from bac t e r ia  in t h a t  (a)  they c o n s i s t  o f  i n e r t
p a r t i c l e s  (of  r i bonuc l e i c  a c id )  t h a t  cannot  r e p l i c a t e  o u t s i d e  a l i v in g  host ,
(b) t h e i r  i n f e c t i v e  dose may be o rde r s  o f  magnitude l e s s ,  and (c)  they a r e  too 
small to be removed by porous medium f i l t r a t i o n .  Re ta rdat ion  o f  v i ru s  pene t r a ­
t i on  i n to  t he  sub - su r face  i s  thus dependent  a lmost  e n t i r e l y  on adsorp t i on  ( r e f .
8 ) ,  t he  r a t e  of  which wi l l  vary wi th v i r a l  s t r a i n  but  i ncr eases  wi th soi l  a c id i t y .  
The f a c t o r s  c o n t r o l l i n g  subsequent  e l i n a t i o n  a r e  not  well understood but degra­
da t i on  by aerob i c  b ac t e r i a  i s  probably t he  dominant p roces s .  Longest surv iva l s  
a r e  l i k e l y  in anaerobi c ,  low t empe ra ture ,  environments ,  and tgg ,  o f  2 - 100
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days a r e  r epo r t ed .  Vi ruses  can become desorbed from s o i l s ,  e s p ec i a l l y  follov/ing 
heavy r a i n f a l l .  I t  i s . a l s o  impor tant  to note  t h a t  v i ru s e s  may sometimes be 
i s o l a t e d  from samples cont a in ing  no d e t e c t a b l e  faecal  ba c t e r i a  i n d i ca to r  organisms,  
e s p ec i a l l y  in anaerobi c environments.
Most of  the  r epor t ed  inc idences  o f  microb io log ica l  contaminat ion of  groundwater ,  
r e s u l t i n g  from the  use of  unsewered s a n i t a t i o n ,  a r e  a s s oc i a t ed  wi th  a r ea s  o f  th in
so i l  cover  ( l e s s  than 3 m) over  f i s su r e d  non-porous bedrock o r  a r ea s  of  high ( l e s s
than 3 m dep th ) ,  o r  s ea sona l ly  high,  groundwater t a b l e .
At tenua t i on  and d i l u t i o n  in  s a tu r a t e d  zone
Since in most hydrogeological  cond i t i ons  (o the r  than c l o se  to pumping borelwles 
in r e l a t i v e l y  low t r a n s m i s s i v i t y  a q u i f e r s )  the  hydraul ic  g r ad i e n t  i s  very shal low,  
i t  might be expected t h a t  groundwater flow v e l o c i t i e s  in the s a t u r a t e d  zone would 
i nva r i ab ly  be small ( l e s s  t han ,  say,  2 m/d) and t h a t  p ro t e c t i on  o f  water-supply 
i n s t a l l a t i o n s  in unconfined a q u i f e r s  ag a i n s t  po l l u t i o n  from excre t a  d isposal  un i t s  
could r e a d i l y  be obt a ined  by i ncr eas ing  t h e i r  l a t e r a l  s epa r a t i on .
However, the p roce sses  r e soons ib l e  f o r  the f i x a t i o n  o f  excre t ed  pathogens 
(p r ima r i l y  ad so r p t i on )  w i l l ,  in most c a se s ,  be much l e s s  a c t i v e  than in the  unsa tu r a ­
ted zone,  and t he  popul at i on  o f  ae rob ic  bac t e r i a  to a f f e c t  t h e i r  eventual  e l imina­
t i on  wi l l  be g r e a t l y  reduced.  Moreover,  few a qu i f e r s  a r e ,  in p r a c t i c e ,  uniform.
Pe rmeab i l i ty  he t e rogene i t y  w i l l  o f t en  be p r e s en t ,  sometimes on a gros s  s ca l e  as in
some s t r a t i f i e d  a l l u v i a l  sequences and in many l imes tones .  The presence  of  
highly-permeable  groundwater f lowpaths o f  r e l a t i v e l y  small c r o s s - s e c t i o n a l  area 
r e s u l t s  in groundwater  v e l o c i t i e s  o f t en  exceeding 10 m/d, reaching 100 m/d or  more 
in many f i s s u r ed  a q u i f e r s  and 1 km/d o r  more in some k a r s t i c  l imes tones .  Physical  
( hy d rau l i c )  d i s p e r s i o n ,  t h e  phenomenon p r i ma r i l y  r e spo ns i b l e  f o r  d i l u t i o n  of  
p o l l u t a n t s  in groundwater flow sys tems,  i s  a l so  d i f f i c u l t  to  p r e d i c t  and co s t l y  to 
i n v e s t i g a t e .  Thus, in many hydrogeological  environments ,  i nc r eas ing  l a t e r a l  
s epa r a t i on  i s  not  a very manageable metliod o f  i nc reas ing  p ro t e c t i o n  ag a i n s t  faecal  
groundwater p o l l u t i o n .  Even where r e l i a b l e ,  i t  must be recogni sed  t h a t  the 
s epa r a t i on  w i l l  have to be incr eased  in l a rg e  incr ement s,  say,  to 25 o r  50 m, and 
t h i s  w i l l  only be f e a s i b l e  in low dens i t y  s e t t l emen t s  ( s u b s t a n t i a l l y  l e s s  than 
about  100 peop l e /ha ) .
A s t r i k i n g  f e a t u r e  o f  the publ i shed work on l a t e r a l  microbial  po l l u t i on  t r ave l  
in the  s a t u r a t e d zone i s  t h a t  migra t ion  i s  governed predominant ly by groundwater 
flow v e lo c i t y ;  appear ing to be equ iva l en t  to t he  flow d i s t an ce  during a per i od of 
no more than 10 days.  This implied (or  appa rent )  surviva l  time i s  much l e s s  than 
many r epor t ed  experimental  su r v iv a l s ,  but t he  l a t t e r  probably r e f e r  to higher  
i n i t i a l  popu l a t i ons ,  l e s s  d i spe r s i on  and l e s s  a n t a g o n i s t i c  environments.  The 
l a r g e s t  recorded d i s t a n ce  o f  microbial  t r ave l  in unconsol ida t ed  (non - f i s su r ed )
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Strata i s  920 m, for bacterial  and vira l  tracers  in coal luv ia l  gravels  ( ref .  10).
NITRATE POLLUTION PROBLEM
The i n t rod uc t i on  of  unsewered s a n i t a t i o n  schemes w i l l ,  almost  i n ev i t ab ly ,  lead 
to n i t r a t e  contaminat ion in under lying unconfined a q u i f e r s ,  except  where the 
groundwater system i s  n a tu r a l l y  anaerob ic .  Human waste con ta ins  about  5 kgN/cap/a 
in the  form of  ammonium and complex organi c compounds, both of  which can be 
expected t o  be r a p id ly  conver ted t o  (h ighly  mobi le)  n i t r a t e  under aerobic  condi ­
t i o n s .  Heavy n i t r a t e  p o l l u t i o n  can be expected in some cases  ( e g . r e f .  9).  The 
f a c t o r s  c o n t r o l l i n g  i t s  s e v e r i t y  wi l l  be (a)  popula t ion den s i t y ,  (b) t he  propor t ion 
of  n i t r ogen  l o s t  from the  l a t r i n e  d i r e c t l y  by d e n i t r i f i c a t i o n ,  (c)  d i l u t i o n  by 
local  groundwater  re charge  and r eg ional  aq u i f e r  throughflow,  (d) any d e n i t r i f i ­
c a t i on  in t he  groundwater system i t s e l f .
CONCLUDING REMARKS
In view of  t he  complexi ty of  the  f a c t o r s  involved,  and the po t en t i a l  impor­
t ance  o f  r a t h e r  d e t a i l e d  c o n s i d e r a t i o n s ,  i t  would be d e s i r a b l e  to  t r e a t  each 
se t t l emen t  o r  s i t e  on indiv idua l  me r i t  when a s se ss ing  the faecal  po l l u t i on  r i sk  
a s soc i a t ed  wi th  unsewered s a n i t a t i o n .  However, the  economics and l o g i s t i c s  
of  low co s t  s a n i t a t i o n  schemes a r e  such a s  to prec lude  the  ro u t i ne  use of  hydro- 
geo log i ca l  f i e l d  i n v e s t i g a t i o n s  and,  in p r a c t i c e ,  a c l a s s i f i c a t i o n  of  hydro- 
geo log ica l  environments i s  r equ i r ed  a s  the  ba s i s  f o r  new gu ide l i ne s .
The c l a s s i f i c a t i o n  must i d e n t i f y  under which cond i t i ons  a separat i on  of  15 m 
between wat er - supply i n s t a l l a t i o n  and excre t a d isposa l  u n i t  (a)  can be reduced 
to 10 m, o r  even 5 m, (b) i s  a cc ep t ab l e ,  (c)  may involve s i g n i f i c a n t  r i sk  and 
incr eas ing  s epa ra t i on  to  25 o r  50 n accompanied by moni tor ing of  p i l o t  schemes 
i s  ad v i s a b l e ,  and (d) involves  high r i s k  and s p e c i a l i s t  advice  should be sought ,  
s i nce  modif ied exc re t a  d i sposa l  u n i t s  or  r e de s ig n / r e l o ca t i o n  of  water-supply 
i n s t a l l a t i o n s  may be r equ i r ed .  I t  must be workable wi th data r e a d i l y  av a i l a b l e  
to p u b l i c - h e a l t h  eng inee rs  from reco rds  normally held l o c a l l y  in government 
o f f i c e s / a g e n c i e s ,  o r  t h a t  t hey can c o l l e c t  on s i t e  fol lowing a simple manual.
The p r i n c ip a l  parameters  involved have been i d e n t i f i e d  a s  (a)  degree of  con­
finement  and ch a ra c t e r  o f  the aq u i f e r  hor izons from which groundwater suppl ies  
a r e  drawn, (b) t h i cknes s  and na tu r e  o f  the  unsa tur a t ed  zone, and (c) l a t r i n e  
hydraul ic  loading.
A p re l im inary  c l a s s i f i c a t i o n  in t he  form of  an a lgor i t hm has been drawn up 
using the se  parameters  ( r e f .  5) but f u r t h e r  data  a r e  r equi red  for  i t s  c o n s o l i ­
da t i on  and ext ens ion .  Such data could be st  be co l l e c t ed  by de t a i l e d  f i e l d  
r e s ea r ch  and/or  r o u t i n e  moni tor ing a s soc i a t ed  wi th  p i l o t  o n - s i t e  s an i t a t i o n  
schemes.
205
ACKNOWLEDGEMENTS
This  paper i s  publ i shed wi th  permiss ion o f  t he  o r ga n i s a t i on s  with which the 
au tho r s  a r e  a f f i l i a t e d  but the  views expressed a r e  those  of  t he  au tho rs  a lone .
REFERENCES
1 J .K.  Kalbermat ten,  D.J.  J u l i u s  and C.G. Gunnerson, World Bank Public 
U t i l i t i e s  Report  No. RES 20, Washington (1979).
2 I . J .  K l i g l e r ,  Rockerfel  1er  I n s t i t u t e  f o r  Medical Research Monograph No. 15, 
New York (1921).
3 E.L. Caldwel l ,  J .  I n f e c t .  Diseases  62 (1933) 225-228,  272-291.
4 B.R. Oyer and T.R. Bhaskaran,  Indian J .  Med. Res. 31 (1941) 231-243,  33 (1945)
17-22 and 23-62.
5 W.J. Lewis,  S.S.D. Fos t e r  and B.S. Drasa r ,  WHO In t e rna t i ona l  Reference Centre
f o r  Wastes Disposal  Report  No. 81/01 (UNDP Global P ro j ec t :  Low Cost Water- 
Supply and S a n i t a t i o n ) ,  Dflbendorf (1981).
6 J . F .  K re i s s l ,  US Environmental  P ro t ec t i o n  Agency Report No. EPA-600/2-78-173 
(1978).
7 G.A. McFeters .  Applied Microbiol .  27 (1974) 823-329.
8 C.P. Gerba,  C. Wal l is  and J .L .  Mel r ick ,  ASCE J .  I r r i g n .  Drain Div. (Sept .
1975) 157-175.
9 W.J. Lewis,  J .L .  Fa r r  and S.S.D. F os t e r ,  Proc.  I n s t .  Civi l  Eng. II  69 (1980) 
281-293.
10 B.H. Pyl e ,  L.W. Sin t on ,  N.J .  Noonan and J . F .  McNabb, in Proc.  NZ In s t .  Eng.
Groundwater Symposium, Well ington (Feb. 1979) 1-5.
( 8 )
4
Volume 14 No. 1 1981
m m
B i m m a :
iiffil:-
T H E  QUARTERL Y J O U R N A L  O F  ENGINEER ING G E O L O G Y  
Vol. 14,110.1 1981 Price £13.50
Annual suhscripiion: £45 (U K ), £54 (Overseas). S I35.00, SU.S. (North America); single  
numbers all issues £13.50 (S34 U.S.A.); double numbers £24.00 (S68 U.S.A).
Contents
N. A m h r a . s (  v s .  G. L k n s m n ,  A. M o i n f a r  & W. P f n n i n g t o n :  The Pattan
(Pakistan) earthquake o f  28 D ecem ber 1974; field observations . . . .  1
J . A .  H a r k f r & S .  s .  D . I-'o s t FR: a  d if fu s io n  e x c h a n g e  m o d e l fo r  s o lu te  m o v e m e n t
in fissured porous rock ....................................................................................................... 17
M . M o r g a n J o n f s  & M .  D .  EGGiiORO: The hydrogeochemistry o f  the Jurassic  
limestones in Gloucestershire, England ........................................................................  25
W. K. D iiA R M A N é i J. R . C o i-F F V : .An engineering zoning map o f  the Permian lime­
stones o f  NE E n g l a n d ..............................................................................................  41
W. A kili & J. K. TORRANCH: The development and geotcchnical problems o f  
sabkha, with preliminary experiments on the static penetration resistance o f  
cemented s a n d s ..........................................................................................................  59
D iscussion by D. R o iH N S O N  ................................................................................................  75
Published fo r
THE G E O L O G IC A L  SOCIETY  
B U R L IN G T O N  H O U S E .
P IC C A n iL l .V . L O N D O N  W IV  OJU
by
B LA C K W E LL  SC IE N T IFIC  PU B L IC A T IO N S LTD. 
O S N E V  M E A D  
O X F O R D . 0X2 GEL
and prin ted  by
THE U N IV E R SIT IE S PRESS (BELFAST) LTD. 
A L A N B R O O K E  R O A D , B E L F A S T  BT6 9 H F , N O R T H E R N  IR E L A N D
0. J. (MR Geol. Ijuuion. 1981 Vol. 14 pp. 17-24. Printed in Northern Ireland
A diffusion exchange model for solute movement in Assured porous 
rock
J. A. Barker & S. S. D. Foster
Institute of Geological Sciences (H ydrogeology U nit). Maclean Building.
Wallingford. O xon, 0 X 1 0  8BB.
Summary
A m«xlci of solute m ovem ent in an idealized, fissured, porous 
medium, involving diffusion exchange betw een m obile 
fissure water and immobile pore-w ater, is form ulated 
mathematically and solved num erically for a range of values 
of the input param eters. T lte insight gained into this m echan­
ism of solute movement is of relevance in predicting the 
migration of the more soluble po llu tants in the m ajor British 
a(|uifcrs, and is of particular significance to  the in terp retation  
of the distribution of tritium  and n itra te  in the unsaturatcd  
zone of the Chalk beneath arable land.
In troduc tion
Background to  m odel d e v e lo p m e n t
An understanding of th e  m echan ism s of so lu te  m o v e­
ment in groundw ater system s is a fu n d am en ta l aspect 
of hydrogeology and is o f p a rticu la r  practica l signifi­
cance in the con tex t of p o llu tan t m ig ra tion . B edrock  
(consolidated) aqu ifers form  a m ost im p o rtan t g ro u p  
in which the hydraulic  co n ductiv ity  (p erm eab ility ) is 
predominantly associated  w ith fissure d ev e lo p m en t, 
but in many of these aqu ife rs  the  rock m atrix  itself 
may possess significant p o rosity . F o r the  p u rp o ses of 
this paper such fo rm ations have b een  te rm ed  fissured 
porous media. An excellen t ex am p le  is th e  C h a lk  in 
Britain, and the g roup  includes a su b stan tia l n u m b er 
of other lim estone and  san d sto n e  aqu ifers.
For the Chalk and  o th e r  co m p arab le  p o ro u s  m ed ia , 
Foster (1975) suggested th a t a  m a jo r co m p o n en t of 
solute m ovem ent was co n tro lled  by a m echanism  in ­
volving solute exchange, th ro u g h  la te ra l m o lecu lar 
diffusion, betw een m obile fissure w a te r  and  (rela tively) 
immobile m atrix, o r p o re , w a te r; the  m obile fissure 
water eluting solute from  high co n cen tra tio n  reg ions in 
the matrix and tran sferrin g  it to  reg io n s o f low er 
concentration along its d irec tio n  of flow. T h is w as of 
especial significance w hen in te rp re tin g  the  d istrib u tio n  
therm onuclear tritium  and  p o llu tan ts , such as n it­
rate, in the unsa tu ra tcd  zone o f the  C halk  an d  w hen 
predicting the ra te  of la te ra l m igra tion  of p o llu tan ts  in 
1 1C saturated zone of the  aq u ife r (F o ste r 1976). It has 
been suggested (O akes 1977) th a t such a m echanism  
would conform to the  m ath em atica l th eo ry  describ ing  
• e chrom atographic p rocess, w ith in stan tan eo u s
equ ilib rium  b e tw een  the  m obile and  s ta tio n ary  w a ter, 
and . in the  case o f the  C h a lk 's  u n sa tu ra ted  zone, it has 
g a ined  accep tance  by B ritish hydrogeolog ists (Y oung  
€t al. 1976; D ow ning  et al. 1978, 1979; R eeves 1979).
S c o p e  of p a p e r
T h e  p rim ary  reason  for the  construction  of the  
m athem atical m odel, described  in th is p ap er, was to  
give a de ta iled  insight in to  the  b eh av io u r of this diffu­
sion  exchange m echanism  for so lu te  tran sp o rt in fis­
su red  p o ro u s m edia , and  to  estab lish  th e  ex ten t to  
w hich the  ‘c h ro m a to g rap h ic ’ equ ilib rium  ap p ro x im a­
tion  w as valid . T h e  m odel has b een  fu rth e r developed  
to  aid  the  in te rp re ta tio n  o f tritium , n itra te  and o th e r 
so lu te  profiles o f p o re -w ate rs  from  the  C h a lk 's  u n sa tu ­
ra te d  zone (Fig. 1), b u t no t at th is stage to  sim ulate  
th e ir  profiles, which a re  ex trem ely  com plex  in detail.
The m odel
D escrip tion
T h e  m igra tion  o f so lu tes in fissured p o ro u s m edia 
will be  p rim arily  co n tro lled  by the  average  geom etry  
o f the  fissure system , assum ing th e  rock m atrix  has 
re la tive ly  hom o g en eo u s p ro p e rtie s . A  substan tia l 
p ro b lem  th a t arises in m odelling , how ever, is to 
c h arac te rize  this system  by as few  p a ram e te rs  as possi­
b le, w hile en d eav o u rin g  to  re ta in  all the  essential 
fea tu res  o f its beh av io u r. T lte  g eo m etry  se lec ted  (Fig. 
2 ) w as in ten d ed  to  be the  sim plest th a t w ould re ta in  
such fea tu res .
F issures (jo in ts) w ere  taken  to  be sem i-infin ite  p la ­
n a r open in g s (of w idth  tv) a t a un ifo rm  spacing, a, 
d iv id ing  the  p o ro u s rock -m ass in to  b locks. B ecause of 
th e  period ic ity  o f th is geo m etry , only a single, re p e a t­
ing, tw o-d im ensional un it n eed  be  considered  (Fig. 2). 
T h e  fissures a re  assum ed  to  be sa tu ra ted  w ith w a ter 
w hich, hav ing  e n te red  the  system  (at y = 0 ) with 
know n so lu te  c o n cen tra tio n , /( f ) ,  passes dow n them  at 
a velocity , u, w ith negligible d ispersion  in the  y d irec ­
tion . T lte  la te ra l g rad ien t o f so lu te  co n cen tra tio n  in 
the  fissures is assum ed to  be negligible and , at each  
d e p th , th is co n cen tra tio n  is assum ed to  be equal to
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Fui, 1. Summary of n itra te  aiul tritium  profiles in the unsaturated  zone of the Chalk 
beneath  long-standing arable land in W est Norfolk.
that in the m atrix  }>ore-water at the  su rface  of the  
bl(Kk (i.e. at all p o in ts w ith x  = 0 ).
The rock m atrix  w as tak en  to  he  a h o m o g en eo u s 
medium of porosity  <f>, w hich is fully sa tu ra ted  w ith 
immobile p o re -w ate r. IT ie so lu te  m oves th rough  the 
saturated porous m atrix  in th e  x d irec tion  only (p e r­
pendicular to the fissures) by a q u eo u s  m olecu lar d iffu­
sion, according to  l ick 's law. w ith a diffusion ctKlft- 
cient f). T he initial so lu te  c o n cen tra tio n  in the  p o re -  
water of the m atrix is u know n function  of d e p th  only . 
K(y).
1 he sim plification o f ignoring  vertical diffusion in 
the matrix was co n sidered  justified  since, in p ractice , 
hydrodynamic d ispersion  in the  fissures (not included 
in this m odel) would p ro b ab ly  o v er shadow  vertical 
diffusion.
Mathematical fo rm u la t ion
l et c(.v. y. f) be the  so lu te  co n cen tra tio n  p>er unit 
volume of lUiid at tim e, t. ( iiv e n  the  above  assu m p ­
tions. this function will be the  so lu tion  of the  follow ing 
equations:
— = D - ^  in 0 < x < o / 2 . 
at a x '
ac ac 2<f>D ac
—  + u  —  = --------------- at X = 0.
at ay w dx
—  = 0  at X =  a /2 . 
ax
c(0 , ().() = /(»). 
c(x . y. ()) =  g(y).
( 1)
( 2 )
(3)
(4)
(5)
E q u a tio n s  ( I )  and  (2) rep re sen t conservation  o f mass 
in the  m atrix  an d  the  fissure, respectively . E q u atio n  (3) 
expresses the  fact that, d u e  to  sym m etry , th ere  can be 
no  net m ovem ent of so lu te  across the  cen tre  of a 
b lock . E q u atio n s (4) and  (5) define the  initial co n d i­
tions.
T he 'C h ro m a to g ra p h ic '  app rox im ation
T h e  only cond ition  fo r which F o ste r 's  (1975) d iffu­
sion exchange  m echanism  has been  e \a lu a te d  is that in
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which tlic ililfiision ct>cllicicni is. in e lfccl. infinite 
(Oakes 19771. Hie l>ehaviour o f the  fissured jHinnis 
medium is then  sim ilar to  th a t o f a p a rtitio n  
chnmiatonraphic co lum n. It is in structive  to  d evelop  
this limiting case of the  p resen t nnx lcl. pa rticu la rly  in 
the context of in te rp re tin g  field d a ta  from  the  u n sa tu ­
rated zone.
Consider the evo lu tion  from  an in itial p rofile , g(y). 
If O is infinite, so lu te  exchange  b e tw een  the  s ta tio n ary  
pore-watcr and m obile fissu rc-w ater will be in stan ­
taneous and the so lu te  profile  will m ove d ow nw ards 
(in the y direction) w ithout d is to rtio n , acco rd ing  to:
where
c(x. y . /) =  g(y -  V .t)  fo r y S  V ,t,
(r/Kl + \v)
is the velocity of m ovem en t o f the  u n d is to rted  profile . 
(A rigorous proof of th is resu lt can  lie o b ta in e d  from  
Equations ( l) - (5 )) . 1 to m  the  geo m etry  of the  nuxlcl. 
the amount of infiltration (f)  p e r unit a rea  in tim e (T ) 
is expressed by:
v) I( 1 + <l/ \
or, using E quation (6):
(e/»u -f \v
/ =
{a f w)- f
V . d f .
1 his integral is the d istance  (,V) that the  profile m oves 
>u time (7 ) and. since (in all practical cases)
o rd e rs -o f-m ag n itu d e  g re a te r  than  w. this la tte r  e q u a ­
tion  reduces to:
(7)
(6 )
(I IS
The q uestion  that im m ediately  arises is fo r what finite 
values of diffusion coefficient (D ) d oes E q u atio n  (7) 
cease  to  be a good ap p ro x im atio n ; the  values for 
tritiu m  ( 'H i ,  n itra te  (N O ,) and  ch loride  (Cl) be ing  of 
especial in te rest in the  con tex t of the  p resen t paper.
Behaviour of m odel
E q u atio n s ( l ) - (5 )  d o  not ap p ea r capab le  of being 
solved analy tically  w ithou t fu rth e r excessive sim plify­
ing assum ptions. In o rd e r  to  study the  beh av io u r of 
the  m odel they  w ere , th e re fo re , solved num erically  for 
se lec ted  com b in a tio n s of values fo r the  p a ram ete rs.
H ie p o rosity  (<f>) w as fixed at 0 .35  th ro u g h o u t; this 
Ixring a typical value fo r the  C halk , the fo rm ation  of 
m ost im m edia te  in te res t, l l i e  flow velocity in the 
fissures (u) was fixed, also som ew hat arb itrarily , at 
1.0 m /d  in m any o f the  num erical so lu tions, but sen ­
sitivity to  increases (to  5 .0  m /d) in this m ost significant 
p a ra m e te r  w as ex am ined . It is accep ted  th a t much 
h igher values of n m ay be ap p ro p ria te , in m any a r e a s ,  
at som e (issureil h o rizons in the  sa tu ra ted  zone.
Diffusion coeffic ien ts
l l ie  lab o ra to ry  m easu rem en t o f aq u eo u s diffusion 
c iK llicients in jx irous m edia  p resen ts  n u m erous p rac ti­
cal difficulties and  the  only a ttem p t, know n to  the 
au th o rs .*  to  m ake a m easu rem en t on  sa tu ra ted  C halk  
was re p o rte d  by O ak es ( 1977). w ho q u o ted  a value for 
Cl of 1 ..3 x lO  “ mVs (presum ably  at room  tem p e ra ­
tu re). 1 his value  ap p ears  anom alously  high w hen com ­
p a red  to  o th e r  pub lished  d a ta . S toessell & M anor 
(1975) re p o rte d  D  fo r Cl in sa tu ra ted , epoxy- 
cem en ted  sand  (</>=0.3) to  be in the  range 3 -5  x  
1 0 " '"  nC/s (at 35°C) and  B arraclough  & Nye (1979), in 
e x p erim en ts  on  soil b locks w ith 3 0 -3 5 %  w ater- 
sa tu ra ted  po rosity , o b ta in ed  values in the  range 3 -7  x 
1 0 " '"  nC/s (at 25°C); D  clearly  d ecreasing  as m oisture 
co n ten t is reduced  below  full sa tu ra tio n .
N o co rresp o n d in g  resu lts  are  know n for N O ,* , a l­
though  this ion has a sim ilar self-di(fusion coelficieni 
in w a te r to  th a t of Cl (P arsons 1959; E rdey-C îruz 
1974). 'H ie ra tio  o f the  m atrix-diffusion  coefficient to  
the  self-diffusion coefficient d ep en d s  on p a ram ete rs  
th a t will, in g en era l, vary from  one  so lu te  to  an o th e r 
(N yc 1906); how ever, co lum n ex |X 'rim ents (M ercer & 
Hill 1976. 1977) suggest that N O , and Cl behave 
sim ilarly  in p o w dered  C'halk and  C halk  soils.
* Since this paper was completed, values of D ranging from 
0.4 x 10""' to 3.0 X 10 n r /s  have been measured for NO, 
and Cl (at 20“C') in a variety of saturated Chalk samples with 
different fxirosities (Mercer. E. R.; personal communication).
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I hc self-iliOusioii ctK-HiciciU of 'H  has hecn  m eas­
ured by Mills (1973), w ho cave values of 1.3 x  | ( r \  
1.7 x l( )* ' and 2 .2 x 1 0  " m  /s at 5", 15° and  25°C, 
respectively. These resu lts  illu stra te  th e  sensitiv ity  of 
D to tem pera tu re; in te rp o la tio n  }»ivcs a va lue  o f about 
1.5 x 10  " m '/s  at IO°C, the  average  tem p e ra tu re  of 
groundwater in B ritain .
Considerable uncerta in ty  m ust rem ain  as to  the  
appropriate values of I)  for Ml. N O , and  Cl in s a tu ­
rated or n ear-sa tu ra ted  C halk  at IO°C. and  varia tion  
over the whole range 1 0  " - I 0 " '"  m '/s .  at least, m ust 
he considered possible.
Fissure geometry
It is very d itlk u ll, a lso , to  m ake  in siiu m ea su re ­
ments of Tissure ap ertu re  (w idth), a lthough  som e idea 
of the sizes of the blocks se p a ra tin g  jo in ts  an d  fissures 
can lie obtained by d irect o b se rv a tio n  in excavations 
and by televisual ex am in atio n  o f Ix ireho le  walls. For 
the Chalk in B ritain , v a ria tion  of a and  w  in the  range
J .  A.  t I A K K K R  & s .  s .  t^. F O S T K R
2 - 1 0  cm  and  0 .2 - 1 .0  m m , respectively , w ere initially 
co n sidered . It is recognized th a t, in the u n sa tu ra ted  
zone, fissures o f the above range of a p e rtu re  will 
conduct w a ter only at low negative p o ten tia ls  (suc­
tions) and  a fissure system  with sm alle r values o f a and 
w  m ay a lso play an im p o rtan t ro le  in the  flow of 
w ater; w hereas, in the sa tu ra ted  zône, values o f a and 
w m ay exceed the  m axim um  values considered  (F o ste r 
& M ilton 1974; R eeves 1979; F o ster & Sm ith- 
C aring ton  1980).
Profile characterization
D uring  m ost of the  use o f the  m odel the  initial 
so lu te  co n cen tra tio n  in the  m atrix  g (y ). was taken  to 
be a G aussian  function , since th is can be ch aracte rized  
by ju st tw o p a ram ete rs , m agnitude of peak  (C„) and 
s tan d ard  dev ia tion  (S„): norm ally  the  values C „ =  I 
and  =  20 cm w ere used. I he surface  input co n cen t­
ra tio n  w as tak en  to  be zero  [i.e. /( ( )  =  O] for the  results 
rep o rted  below .
C /C o
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1*0
Vim)
0*0
initial Gaussian profile
0*5-
1*0 -
a=  10cm
w =0*5m m
Dr= lO-’OmVs
u = 5 m /d
<J)=035
t = Id
(I= 2 5 m m )
y(m)
Fi<>. 3. C oncentration contours within the porous m atrix block and the corresponding m ean concentra­
tion prolile (Fq . SI.
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As the flow of w ater in the  Assure p ro ceed s, the  
concentration across the  m atrix  slab  at any d e p th  
becomes a function o f x  (Fi}*. 3). O f m ain in te res t is 
the average value:
2 f*^ *
c(y, i) =  “ | c(x . y. f )d x . (8 )
as this gives the lK*st ap p ro x im atio n  to  the  resu lts  
obtained from boreho le  core sam pling . S ince, to  g re a ­
ter or lesser ex ten t, all the  d is tr ib u tio n s  becom e non- 
(iaiissian (f ig. 3), the  ra te s  o f m ovem en t o f b o th  the  
peak and the m ean (V ) o f the  d is trib u tio n ,
c(y, l), were d e term ined .
Output from m odel
For a given geom etry  (« =  2 cm . w  =  I m m . «/» =  
0 .3 5 ), the sensitivity o f p ro lile  d ev e lo p m en t to  v a ria ­
tion of D  is illustrated  by Fig. 4 ; these  m odel ru n s
C/Co
0-5 io
oo
0-5
1-0
1-5
2-0
V (ml
I 4. Variation of piolilc dcvcb 'p tncnl with dilTu- 
sion cocfTiciont.
assum ed u =  I m /d o v er a tim e in terval of 2 days. It is 
ev iden t that a slow dow nw ard  m ovem en t of so lu te  
resu lts , bu t that while the  orig inal G aussian  d is tr ib u ­
tion  is essentially  p reserved  for the  larger value of D  
( 1 0  ' m^/s), fo r the  sm aller value ( 1 0 “ " ’ m"/s) the  peak  
rem ain s alm ost sta tio n ary  and  a m arked  fo rw ard  ta il' 
develops. 'Fhis sensitivity  is fu rth e r ev a lu a ted  in Fig. 5 
for tw o g eo m etries (which are p robab ly  not unrealistic  
fo r the  C h a lk ); the ra te  o f m ovem en t of the  peak  and 
m ean of the d istribu tion  being  com p ared  to  the  c o rre s­
pon d in g  value for the  C h ro m ato g rap h ic  app ro x im atio n  
case ’ and  V/VC). It is ev iden t th a t these
ra tio s d e p a rt rapid ly  from  the  unity  asym pto te  as 
values of I )  decrease  below  abou t l O "  m '/s  and . at 
the  sam e tim e, the peak s of the  d is trib u tio n s lag 
increasingly  beh ind  the  m eans.
In the  range of D  u n d er special co nsidera tion  
(ID  " - I D '" ’ m /s ) .  these  effects a re  even  m ore p ro ­
n ounced  if u is increased  to  5 m /d (Fig. 5): profile 
d ev elo p m en t clearly  being  highly sensitive, also, to 
varia tio n s in the ra te  of w a ter flow in fissures.
It is fu rth e r ap p a re n t that for given values o f u. and 
f). the  ex ten t of the d e p a rtu re  from  the  C h ro m ato g ­
raph ic  ap p ro x im atio n ’ increases with increasing  u-. but 
to  a lesser ex ten t with increasing  a (Fig. 6 ).
It m ust, how ever, be no ted  that V,„.„ is not constan t 
th ro u g h o u t the initial (leriod du rin g  which in liltra tion  
is sim ula ted  (Fig. 7): the  and  V values given
above  are  averages taken  o v er the first 24 hours of 
in filtration . 1 his rep resen ts  a significant com plication  
w hen considering  the  o u tp u t from  th is m odel.
I'he in te rm itten t n a tu re  of infiltration  will also have 
an effect on  profile d ev e lopm en t. T h is m ay not. how ­
e v er, lead  to  a serious restric tion  on the  applicability  
o f the  mcxfel since so lu te  will tend  to  eq u ilib ra te  
(horizon tally ) across the  m atrix  be tw een  infiltration 
ev en ts  so th a t, at the  beg inn ing  of each  infiltration  
pericxi. the  profile will be n ea r to  the  m odel assu m p ­
tion  o f uniform  horizon tal co n cen tra tio n .
R elevance of m odel resu lts
U nsaturated zone
D u rin g  its d evelopm en t the m odel w as also run with 
th e  initial m atrix  co n cen tra tio n  g (y ) =  D and  the  su r­
face input co n cen tra tio n  /( f )  =  1. For certa in  co m b in a­
tions of a . \v. D  and u. th is d em o n s tra ted  that the 
diffusion exchange m echanism  was ex trem ely  effective 
in tran sferrin g  so lu te  from  the  fissure w a ter to  the  
m atrix , as suggested  by F o ster ( 1975). T h e  m echanism  
also p rov ides a ready  ex p lanation  of how so lu tes (and 
po llu tan ts) p resen t in the u n sa tu ra ted  zone in the 
m atrix  of fissured po ro u s m edia m igrate  across n ear 
horizon tal (bedd ing-p lane) d iscontinu ities. M oreover, 
the  m odel is. at the sam e tim e, com patib le  w ith the
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F i g . 5. Variation of profile velocity with diffusion coelficieni for two 
geometries.
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F i g . 6. A pproxim ate variation of V,„„,/V„ with geom etry for a given diffu­
sion coefficient.
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rapid |K*nciratit)n of {xtlliitunts from  I he land  su rface  
lo the w ater-table , which is occasionally  o b se rv ed  in 
fissured porous m edia. ITtis cou ld  tKCur th ro u g h  high 
hydraulic loading at tim es o f m inim al soil m o istu re  
deficit (following high in tensity  ra in fall o r som e kind 
of artificial irrigation I. w hen fissures o f la rger a |ic r lu re  
(w) would be exj>ectcd to  conduct g ro u n d w a te r flow at 
relatively high velocity (ii) w ith only  m in o r a tte n u a tio n  
by the matrix.
I'he natural profiles from  th e  C h a lk 's  u n sa tu ­
rated zone d ig .  I) are  rem ark ab le  ft>r the  p re se rv a ­
tion, with only m inor d ispe rsio n , o f the  ix*ak as­
sociated with rainfall and  in filtration  in the  springs of 
1963 and 1964. Ilie  II input c o n cen tra tio n  o f in filtra ­
tion and the behav iour of ‘H in th e  soil are  b o th  
uncertain and it should  lie n o ted  that a significant 
by-pass of this slow mrxle o f d o w nw ard  'H  m ovem en t 
exists (Foster & S m ilh -C arin g to n  I98t1). N ev erth e less , 
as far as the slow m ode is c o n ce rn ed , the  p reserv a tio n  
of this peak implies that the  u p p erm o st 1 0  m o r  so  of 
the Chalk's u n sa tu rated  zone  (at least) co n ta in s a 
fissure system characte rized  by such values of w, u and  
« iltat ( V „ , J V J - * ( V / V J - *  I, fo r the  o p e ra tiv e  
value of D, Fven so, the  ex is tence  o f sm all ‘fo rw ard  
tails’ on the peak w ould be  ex)X)cted from  the  resu lts  
of the model. A lthough  difficult to  d istinguish  in the 
field data from the effect of com plex ity  in surface  
input concentrations, such ‘fo rw ard  tails ' have been  
identified but were not a ttr ib u te d  to  th is p rocess 
(Smith Cl al. 1970).
The NO^-N profiles for th e  C h a lk 's  u n sa tu ra ted  
zone from beneath  lo n g -stand ing  a rab le  land  ap p ea r
to  possess a charac te ris tic  shape  (Fig. 11, w ith c o n cen t­
ra tio n s  decreas in g  w ith d e p th , d esp ite  exh ib iting  fairly 
w ide varia tion  in de ta il.
I'he facto rs co n tro llin g  w a ter and so lu te  m ovem ent 
in the  up{>erniost 2 -3  m o f the  u n sa tu ra ted  zone 
(w here  highly v ariab le  co n cen tra tio n s w ith d ep th  aiul 
tim e have been  o b served) are  com plex and  include:
(a) I'he ex is tence  of high negative  po ten tia ls  (suc­
tions) e x erted  by th e  m atrix  o f the  C halk , as a resu lt o f 
red u ced  m oistu re  co n ten t, in sum m er and early  a u ­
tum n.
(b) Som e upw ard  m ovem ent and  d irec t up tak e  of 
w a te r  an d  n u trien ts  from  d e p th  by p lan ts, in late  
sp rin g  and sum m er.
It is know n that initial soil d ra inage  in au tum n 
alw ays co n ta in s very high so lu te  co n cen tra tio n s (esp e­
cially  o f N () ,-N )  and  because  of the  prevailing  suc­
tions these  will e n te r  the  C h a lk 's  m atrix  at shallow 
d ep th s . 1  he m uch larger volum e of w in ter and  early  
sp ring  d ra in ag e  has. in genera l, re la tively  low so lu te  
co n cen tra tio n s  and  w ould  be ex jx 'c ted  to  e lu te  so lu tes 
from  the (then  sa tu ra ted ) shallow  m atrix  of the  C halk 
by the  diffusion exchange m echanism .
I he in itial co infiiions se lec ted  fo r the  num erical 
so lu tio n s o f the  p resen t m odel and  the  resu lts  ob ta in ed  
(Figs 4 -7 )  a rc  m ost a p p ro p ria te  for the  evaluation  of 
this process, bu t it should  be no ted  that u*. ti and a 
will vary w ith d e p th  in the  u n sa tu ra ted  zone. Profile 
dev e lo p m en t will be very sensitive to  diffusion coeffi­
cient and  significant d ifferences in the beh av io u r of 'H  
and  N O ,-N  could  b e  concom itan t upon th e ir d iffer­
ences in D  (Figs 4 -5 ) . M oreover, the  sensitiv ity  o f the
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results to D  aiul to  ii also suggest th a t it is possib le for 
a quasi-steady sta te  N O ,-N  tv a k ,  w ith a p ro n o u n ced  
forward tail' to becom e estab lish ed  at shallow  d ep th  
beneath arable land, because  of insufficient tim e for 
elution to proceed very far du rin g  each  w in te r 's  infilt­
ration sequence. Profiles of the  ob se rv ed  ch arac te ris tic  
shape could have dev elo p ed  in this way. If th is w ere 
the case, it would im ply su b stan tia lly  low er ra te s  of 
leaching of n u trien ts from  arab le  land  th an  m ight at 
first seem ap p aren t, and  give less cause fo r concern  
about the long-term  fu tu re  o f g ro u n d w a te r q u a lity  of 
the C halk: nevertheless. N ( ) ,-N  co n cen tra tio n s  are  
likely to continue to  rise, f inal in te rp re ta tio n  m ust 
await the results of seq u en tia l re -d rillin g  in se lec ted  
arable fields over a jx*ri<Hl of m ore  th an  5 years.
Saturated zone
I he sa tu rated  zone of fissured |x»rous aqu ife rs  m ay 
commonly Ire characte rized  by h igher fissure-Mow vel­
ocities (in excess o f 10 m /d  I. p a rticu la rly  close to  the 
water-table in unconfined aq u ife r situ a tio n s and  m ore 
generally near to  pum ping  bo reh o les . In carlx m ate  
aquifers, like the C halk , fissure a p e r tu re s  a re  o ften  
enlarged by so lu tion .
Ihus the results from  the  p resen t nuxlel (Figs 5 - 6 | 
suggest that:
(a) Once having e n te red  the  C halk  m atrix , by som e 
mechanism, solu tes (|x> llu lants| could  lak e  a very  long 
time lo be com pletely  e lu ted  o u t.
(b) Conversely, n cw ly -in tn x lu ccd  so lu tes  (p o llu t­
ants) in the fissure w a te r m ay not be  significantly  
attenuated, in th eir h o rizon tal m o v em en t, by the  d iffu ­
sion exchange m echanism .
Moreover, the  resu lts  o f tra c e r  e x p erim en ts  using 
water-soluble n o n -reac tive  sa lts  to  ev a lu a te  g ro u n d w a­
ter dispersion coefficients a re  likely to  p rm hice  resu lts  
varying with the local hydrau lic  g rad ien t, since th is will 
control fissure-flow velocity  an d  in tu rn  the  e x ten t to  
which the diffusion exchange  w ith the  m atrix  will 
occur.
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A B STR A C T
F o ster, S .S.D . a n d  S m ith -C arin g to n , A , 1980. T he in te rp re ta tio n  o f tr itiu m  in th e  Chalk 
u n sa tu ra ted  zone. J, H y d ro l., 4 6 : 3 4 3 —3 6 4 .
Pore w a ter tr itiu m  p ro files from  th e  C halk u n sa tu ra ted  zone  are  p resen ted  and  the  
p rob lem s and  lim ita tio n s  in tb e ir  in te rp re ta tio n  are ev alu ated  in deta il. A new  m odel o f 
the  p h y sico ch em ical l>ehaviour o f  tr itiu m  in th e  soil zo n e  is p rop o sed , w hich can  acco u n t 
fo r th e  q u a n ti ty  and  d is tr ib u tio n  o f th e rm o n u c le a r tr itiu m  observed a t  sha llow  d ep th s  in 
the  u n c o n fin e d  C halk  aq u ifer. T h e  m echan ism s o f  so lu te  m o v em en t th ro u g h  th e  Chalk un- 
sa tu ra ted  zo n e  are a lso discussed.
IN T R O D U C T IO N  
B ackground to  paper
The relevance o f therm onuclear tritium (^H) to groundwater studies on the 
unsaturated zo n e  o f the British Chalk was first demonstrated by the far-sighted 
work o f Smith et al. (1 9 7 0 ), and Smith and Richards (1972). They recovered 
uncontam inated cores and determined the tritium distribution in pore water 
beneath sites in Berkshire (O ctober 1968) and Dorset (Septem ber 1970). The 
tritium profiles at both sites had very clearly defined peaks o f over 500 TU*^ 
at depths o f  4 and 7 m, respectively (F ig .l) . After allowing for radioactive de­
cay*^, these (leaks could only have originated from fallout in the spring rain­
fall* \  o f  1963  and 1964 , follow ing a period o f frequent thermonuclear weapon 
testing. Only 15% and 5% o f the total thermonuclear tritium present at the 
respective sites had reached depths o f  more than 12 m. The profiles were inter-
T he u n it  o f  tr it iu m  c o n c e n tra tio n  used  in th is p ap er, w hich is defined  as one  ’H a tom  
per 10'* a to m s o f  all h y d ro g en  species and  rep re sen ts  a rad io ac tiv ity  o f  3.2* 10 '*  pC i/m l. 
* ’ T he half-life  o f  tr it iu m  is a p p ro x im a te ly  12 .3  yr.
T he term  rainfall is u sed  in th is  p ap er fo r all fo rm s o f p re c ip ita tio n ; snow fall n o t being 
a s ig n ifican t p rocess in th e  h y d ro lo g y  o f  low land  B ritain .
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Kig. 1 . Sc locted  tr it iu m  p ro file s  fo r C halk  u n sa tu ra te d  zone.
preUnl as indicating that m ost o f  the infiltration was moving downwards by 
in terstitia l p is to n  flo w  at average rates o f about 1 m/yr. It was also noted that 
the tritium input from infiltration (using excess rainfall calculated from m ete­
orological data and correlated/observed values for tritium concentration in 
British rainfall) was not sufficient to  account for the tritium recovered in the 
cores, and it was postulated that the classical m ethod o f  com puting infiltration 
might l>e over-estimating evaporation rates and/or that significant infiltration  
of summer rainfall was occurring.
These results had im portant im plications for the estim ation o f  groundwater 
resources, for water-quality management and for pollution protection in the 
important Chalk acpiifer, from which 15—20% o f national water supplies are 
abstracted.
Despite moderate-to-high porosity (m ainly in the range 0 .1 5 —0.45 , ac­
cording to region and horizon), the Chalk matrix has very low  perm eability  
(rarely exceeding 5 * 1 0 “  ^ m /day). Thus it was widely believed that downward  
groundwater m ovem ent through the unsaturated zone (like the horizontal 
flow in the saturated zone below) occurred mainly or exclusively in the fre­
quent fissures, joints and other discontinuities o f the rock mass (Foster and 
Crease, 1974). The tritium profiles appeared to contradict this concept. How­
ever, the exceedingly small pores (mainly less than 1 fim  diameter) mean that 
gravity drainage o f  the Chalk matrix is alm ost entirely inhibited (Price et al.,
1976), and within m ost o f  the unsatura ted  zo n e  it must remain ver>' close to 
full saturation. Foster (1 9 7 5 ) thus postulated that relatively rapid unsaturated
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groundwater flow  could occur in fissures, but with the downward m ovem ent 
of tritium (and other solutes) being largely retarded as a result o f exchange 
by molecular diffusion betw een the m obile fissure water and the static pore 
water. It has been shown m athem atically that such a mechanism can produce 
similar vertical distributions of tritium to  those resulting from interstitial 
piston flow  (Oakes, 1977), and this has gained acceptance by British hydro­
geologists (Y oung et al., 1976; Downing et al., 1978, 1979). Nevertheless it 
must be noted that this on ly  applies for certain com binations o f matrix porosi­
ty, molecular diffusion coefficien t, fissure aperture and spacing; quite different 
distributions being produced with other com binations o f these parameters 
(J.A. Barker, pers. com m un., 1979).
In recent years it has becom e steadily more apparent (Foster and Crease, 
1974; Young et al., 1976; Foster and Young, 1980) that at shallow depths be­
low arable fields the pore waters o f the Chalk un saturated zone contain very 
high concentrations o f nitrate and other ions, notably sulphate. This has given 
rise to serious apprehension about the long-term future of groundwater quality. 
ITie interpretation o f therm onuclear tritium in the Chalk unsaturated zone is 
thus a topic o f im m ediate practical relevance to the British water industry, be­
cause o f  the insight that it can provide on the m ovem ent o f troublesom e water- 
soluble pollutants (Foster, 1976).
Scope o f  paper
The im portance o f  the topic has necessitated a thorough  reassessment o f all 
the factors that enter, or might enter, into the evaluation o f the mass balance 
for therm onuclear tritium . O f particular interest is the interpretation o f the 
proportion o f the total tritium input involved in the slow m ode o f m ovem ent 
down to  the water table, and the nature and degree o f any “ bypass” o f  this 
route.
In addition to  a reconsideration o f the original data from the Berkshire and 
Dorset sites (F ig.2), new  data are presented and analysed from the following  
investigations:
(a) M ultiple profiling o f  adjacent sites, mainly in arable land use, on the 
West Norfolk Chalk during 1 9 7 6 -1 9 7 7 .
(b) Re-drilling o f  the original Dorset site on permanent rough grassland in 
1977.
All the profiles from Norfolk (F ig.3A ), which are 0 .1—10 km apart, show  
remarkable lateral uniform ity. Tritium profiles with single pronounced peaks 
have also been found at numerous other sites on the Middle/Upper Chalk of  
southeastern England* with sufficiently thick unsaturated zones (Foster and 
Young, 1 9 80). The relative magnitude and depth o f the TU peaks are broadly
* T h e  re le v a n c e  a n d  in te r p r e ta t io n  o f  t r i t iu m  p ro f i le s  in  th e  h y d ro g e o lo g ic a l s tu d y  o f  C h a lk  
a reas  w ith  a k n o w n  c a p p in g  o f  low  perm eab i l i ty  re s id u a l so ils , g lacial d r if t ,  o r T e r t ia ry  d e ­
p o s its , f ro m  w h ic h  lo c a lise d  s u r fa c e  r u n o f f  o f te n  o c c u rs , a re  outside  th e  sc o p e  o f  th is  p ap e r.
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N orth Sea
Chalk
o u tc r o p /
re c h a rg e
a re a
a n n u a l  ra in fa ll: 
m o re  th a n  1 0 0 0  m m /a  
6 0 0 - 1 0 0 0  m m /a  
le s s  th a n  6 0 0  m m /a
530 * potential evaporation 
(mm/a)
Norfolk / I T  I 530 
sites
Berkshire 
site LONDON
595
Dorset sites
E nglish  C h a n n e l 
Kig.2. L o ca tio n  and  c lim a te  o f  in v estig a tio n  sites.
consistent with what might be expected , after allowing for radioactive decay 
and considering both the mean infiltration rate and the Chalk porosity in the 
areas concerned. However, it should also be noted that substantial differences 
between tritium profiles from closely adjacent sites drilled at comparable 
times are known from tw o areas, and various other minor anomalies have been 
observed in certain profiles.
Investiga tion  m e th o d s
The majority o f  samples were obtained by dr>', percussion drilling with a 
0.45 m long, 100-m m  diameter, drive core bairel. In order to obtain satisfac­
tory samples from the som ew hat hiu*der and more cem ented Chalk in Norfolk, 
air-flush rotary drilling with a lined double core barrel was required at depths 
greater than 1 5 —20 m. M echanically-excavated trenches were also used for 
obtaining samples at shallow depths and studying the weathering profiles o f the 
Chalk rock mass. A com parison o f laboratory results between the three 
sampling m ethods showed good agreement.
All samples were carefully handled and stored to elim inate, or to minimise,
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pore water contam ination or evaporation prior to  analysis. The determ ination  
of the tritium content involved its extraction from cores by distillation to  
com plete dryness, electrolytic enrichm ent, conversion to ethane and measure­
m ent in a proportional counter (Allen et al., 1966). The overall sampling and 
analytical costs for a 2 0 -m tritium profile totalled £ 2 ,0 0 0 —2,500  at 1977  
U.K. prices.
Measurements o f  the physical properties (moisture content by weight, bulk 
density at field saturation, interconnected porosity, intergranular permeability, 
pore-size distribution) were also made on selected Chalk samples.
T R IT IU M  C O N T E N T  O F  PO R E-W A T E R  P R O F IL E S
The evaluation o f  the tritium mass balance requires a detailed, critical com ­
parison o f the tritium con ten t o f  pore-water profiles with the tritium input 
from infiltration. Both can be expressed in TU metres (TU m); this unit 
being the product o f  tritium concentration (TU) and the respective volum e 
per unit area o f  pore water or infiltration.
The tritium contents o f selected Chalk pore-water profiles (F ig .l)  are given 
in Table I, but it m ust be recognised that these figures are subject to several 
assum ptions and possible sources o f error, whose significance must be analysed 
in som e detail.
T A B L E  I
T ritiu m  c o n te n t  o f  p o re -w ate r p ro file s
L o ca tio n B erkshire D orset N orfo lk  (N 6 0 A )
Sam pling  d a te O c t  1968 Sep. 1 9 7 0 A pr. 1977
M ean ch alk  p o ro s ity  (% ) 38* 43 36
A ,—B b o u n d a ry  (F ig .3 B ) 250 2 0 0 150
(a d ju s te d  fo r ra d io ­
active d ecay ; in T U )
T ritiu m  c o n te n t  (T U  m )
A , 5 1 0 760 460
A^ (e s tim a te d ) 15 1 0 2 0
A , + A , 5 2 0 770 480
A ,  + A j *  B 730* 810* 560
* A fte r S m ith  e t  al. (1 9 7 0 ) , an d  S m ith  and  R ich ard s (1 9 7 2 ).
The accuracy o f TU determ inations themselves is quoted at ± 10% (Allen et 
al., 1966), which becom es significant when estimating the TUm associated  
with the principal peak in the profiles. The determ inations were performed on 
lithologically-representative core samples o f 0.3  m length for every 0.5 m,
1.0 m, or, occasionally, 2 .0  m o f  borehole depth. Any variation in pore-water 
concentration in the rock mass, for exam ple that with distance from joints or 
other discontinuities, would thus be averaged. The concentrations in the un-
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TABLE II
Tritium input from infiltration
IxK ation Berkshire D orset N orfolk
(A ) S um m ary o f  basic m eteorological and tritium  data:
Period o f analysis Sep. 1961—Oct. 1968 Sep. 1961—Sep. 1970 Sep. 1 9 6 1 -A p r. 1977
Mean annual rainfall (m m ) 740
Mean annual in filtration  (m m ):
RC -  75 mm 240
RC “ 25 mm 280
Total rainfall (m m ) 5 ,360
Total in filtra tion  (m m ):
RC "  75 mm 1,700
RC "  25 mm 1,980
Total TUm in rainfall* 2 ,140
Peak TU in rainfall* 2 ,470
(B) E stim ation  by m e th o d  o f  S m ith  e t al. (1970):
880
410
450
8,040
3.680
4,060
2,230
2,220
700
230
280
10,920
3,650
4,420
1,700
1,540
Total TUm  in in filtra tion* : Sep. 1961- O c t .  1968 Sep. 1 9 6 1 -S e p . 1970 Sep. 1 9 6 1 -A p r. 1977
RC •  75 mm (S , •  0) 450 700 330
RC » 25 mm (S , ■ 0) 490 760 430
Peak TU in in filtra tion* :
RC ■ 75 mm (S , ■ 0) 1,050 880 610
RC ■ 25 mm (S , ■ 0) 1,050 880 1,250
(C) E stim ation  using reuised soii-m oisture m odel:
Total TU m  in in filtra tion* : Sep. 1961—OcL 1968 Sep. 1 9 6 1 -S e p . 1970 Sep. 19(
RC “  25 mm. S , ■ 500  mm 690 1,040 610
RC ■ 25 mm. S , •  300 mm 650 990 580
RC ■ 75 mm, S , ■ 300  mm 540 840 430
RC ■ 25 mm, S , ■ 100 mm 500 790 460
Peak TU in in filtra tion* :
RC ■ 25 mm. S , ■ 500 mm 790 870 650
RC •  25 mm, S , •  300 mm 840 1,070 830
RC ■ 75 mm, S , ■ 3 00  mm 820 990 620
RC ■ 25 mm, S , ■ 100 mm 780 1,170 1,150
* C orrected  for radioactive decay to  appropriate  sam pling date.
sampled core were assumed to vary linearly between the sampled lengths. It 
should also be noted that the date quoted for any given profile is that o f  
sampling, but in certain cases there may have been a delay o f som e m onths be­
fore laboratory analysis, during which time additional radioactive decay would  
have occurred. This, however, is n ot considered significant in relation to other 
sources o f error.
Estimates o f volum etric moisture content are required to convert the TU 
measurements to  TUm. Moisture content by weight was measured in the field 
laboratory, but possible loss o f moisture during sampling/handling together 
with difficu lty  in obtaining accurate measurements o f bulk density at field 
saturation for use in the conversion to volum etric content lead to the pos-
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sibility o f a ± 15% error. However, the physical properties o f the Chalk are 
such that, in situ, the pores will everywhere remain close to  full saturation, 
except in the upperm ost metre or so o f  the profile. Thus porosity measure­
ments can also serve for volum etric moisture content; these were made by 
the water resaturation m ethod, with an estimated accuracy o f ± 1 0 %.
Subdivision  o f  pro files
To attem pt an evaluation o f  the tritium mass balance, it is necessary to  at­
tribute the pore-water tritium content dow n to  som e depth as being derived 
from infiltration during a known period. Implicit in this approach is the as­
sum ption that the downward m ovem ent o f tritium in the profiles concerned  
has conform ed to  an apparent piston flow .
In view o f  the major rise o f  TU in rainfall during the spring o f 1962 (Fig.4  
and Table 11 A) it is thought m ost practical to  treat all the tritium above the 
base o f  the corresponding peak in the groundwater profiles as post-1961 in 
origin. However, the selection  o f this depth boundary is som ew hat arbitrary 
(Fig.3B), and, in the case o f  the broader peaks o f  recent profiles, is aggravated 
by vertical diffusion. This may lead to errors o f ± 25 TU m . An alternative ap­
proach is to attem pt to  integrate all o f the thermonuclear tritium in the pro­
files, including the lower levels derived from 1 9 5 4 —1961 rainfall, but this in­
volves a similar elem ent o f  subjectivity in deciding the position o f  the lower 
depth boundary. Additionally, although the tritium content in the soil and 
Chalk-derived drifts is low , it is d ifficu lt to  estim ate accurately because o f  
highly variable physical properties (Table III).
T A B L E  III
S u m m ary  o f  p h y sical p ro p e rtie s  o f so il—rock  pro files 
L o ca tio n  D orse t
Soil drift cover:
L itho log ical d e sc rip tio n
T h ick n ess (m )
Acid residual (%)
Field bu lk  d e n s ity  (g /cm *) 
E stim a ted  v o lu m e m o is tu re  
c o n te n t  a t  field  cap ac ity  (%)
Chalk:
D epth  to  base o f  C halk 
zo n e  V* (m )
Acid residual (%)
P o ro sity  (%)
Fie ld  bu lk  d e n sity  (g/cm®) 
M oisture  c o n te n t  (% by 
vo lu m e)
b row n  calca reo u s earth s
0.3-0.5
9
1 5 - 2 0
3
0 . 5 - 2 .0
4 0 - 4 7
1.9
? 4 0 - 4 7
N o rfo lk
b row n  (ca lca reo u s) ea rth s 
over san d y  glacial d rif t 
0 .5 - 2 .5  
2—60 (lo ca lly )
1.8- 2.2
1 5 - 2 0
3—5 
1 .0 - 2 .5  
3 0 - 4 0
2.0
3 0 - 4 0
D eeply  w ea th e red  “ s tru c tu re le ss” C halk , as d e fin ed  by W ard e t  al. (1 9 6 8 ).
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T R IT IU M  IN P U T  FR O M  IN F IL T R A T IO N
The estim ates o f the tritium input function used by Smith et al. (1970)  
were derived by summing the products o f m onthly excess rainfall, com puted  
by the classical Penman—Grindley m ethod with a RC*' of 75 mm, and the 
“ average” correlated/observed tritium concentrations in British rainfall. Sim­
ilar data extended and decayed to June 1975 are shown in Fig.4. The TUm  
in post-1961 infiltration estim ated in this way, and in each case integrated and 
decayed to  the date o f sampling at the corresponding site, are given in Table 
II, (B). In Norfolk, as in Berkshire (Smith et al., 1970), such estim ates are not 
nearly sufficient to  account for the corresponding TUm in the pore-water 
profiles (Table I), despite ample TUm in the rainfall itself [Table II, (A)];  nor 
are the infiltration volum es capable o f displacing the main tritium peak to  the 
observed depths. These anomalies led to a more detailed consideration o f all 
the factors affecting the estim ation o f tritium input from infiltration. In 
Dorset, however, the deficit o f TUm in post-1961 infiltration is only minor 
[Tables I and II, (B )].
R eliab ility  o f  tr itiu m  data fo r  rainfall
The data on TU in British rainfall have been produced from several differ­
ent sources. For the period 1953—1958  the British values were derived by 
correlation from measurements for Ottawa (Canada), and for 1 9 5 6 -1 9 6 4 , a 
particularly critical period, from measurements for Valentia (Ireland). TU  
determ inations on British rainfall began in 1965 , and the average British val­
ues given (F ig.4) are the arithm etic mean o f results from up to  five sites, after 
the elim ination o f any results suspected o f contam ination from those sites 
near to  nuclear power stations.
Statistical analyses o f  the m onthly data from tw o o f the longest-standing  
British m onitoring stations (Orfordness and Milford Haven) together with 
those for Valentia*^ were carried out to  investigate the spatial variation o f  
tritium in rainfall. Student’s (-tests show ed the undecayed TU at all three 
stations to be significantly different (Table IV); Valentia having the low est TU  
and Orfordness the highest. It is suspected that the former is subject to  a much 
higher degree o f oceanic dilution than the British stations. Using linear regres­
sion analysis only m oderate correlation coefficients (r^) are obtained (Table 
IV), and because, for the peak 1962—1964  period, considerable extrapolation  
is required to  estim ate m onthly TU in rainfall at the British sites from that at
* ' T he  ro o t  c o n s ta n t, w h ich  is re la ted  to  th e  soil m o is tu re  d e fic it a t w hich  ac tu a l ev ap o ra ­
tio n  ra tes  fall below  p o te n tia l ,  fo r  th e  so il—p la n t sy s tem  co n ce rn ed .
Because o f  a sy s tem atic  d iffe ren ce  in la b o ra to ry  ca lib ra tio n , all th e  B ritish values q u o ted  
in th is p a p e r sh o u ld  be m u ltip lied  by  a fac to r o f 0 .8 9  to  c o n fo rm  w ith in te rn a tio n a l s ta n ­
dards; th is fa c to r  was tak en  in to  acc o u n t w hen  u n d e rta k in g  s ta tis tica l co m p ariso n s w ith  the  
V alen tia  data.
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TABLE IV
ResulU o f  sta tistical analyses o f da ta  on tritium  in post-1965 rainfall
S tations com pared V alentia/O rfordness V alentia/M ilford Haven^ M ilford Haven/O rfordness
7.27 (S)
1.78 (NS)
1.40 (NS)
TU m onthly t 11.42 (S) 5.90  (S)
values*' r* 0 .78 0.80
TUm m onth ly < 0.01 (NS) 0.35 (NS)
values*' r* 0.23 0.29
TUm yearly t 0 .82  (NS) 0.48 (NS)
totals** r* 0.82 0.87
Calculated t is com pared with tabu lated  t values o f 1.98 and 2.20 for m onth ly  and yearly tim e base, 
respectively, for 96% level o f significance; S indicates significant difference betw een sites and NS 
indicates no  significant difference.
F or m on ths where TU available for all sites.
**TU in terpo la ted  for m onths when no t available.
N
Valentia, the accuracy o f  any data generated will be uncertain and subject to  
wide confidence limits. The regression equations obtained:
"T^Orfordness “ 1 .89  TUvalentia 4 .26  
and
"r^Milford Haven ~ 1*47 TUvalentia 1 0 .2 2
appear to  give greater values for the 1963 rainfall maximum than those pub­
lished as the British “ average” .
It was considered that the total TUm fallout in rainfall might be more con ­
stant spatially, TU varying inversely with rainfall. Statistical analyses showed  
that, although m onthly TUm did n ot appear to  be significantly different, high 
scatter in the data caused extrem ely low  correlation coefficients (Table IV), 
and no useful regression equations could be produced. The correlation be­
tween sites increases dramatically, however, when longer periods o f  analysis 
are considered. Thus on a yearly tim e base the TUm in fallout is spatially quite 
uniform , any temporal variations in local TU distribution and rainfall incidence 
being averaged out. However, yearly totals o f TUm are only o f lim ited use for 
the present purpose.
In conclusion, the average values for TU in British rainfall (F ig.4) are sub­
ject to serious lim itations and must only be treated as a general indication o f  
the scale o f tem poral variations that occurred. Amongst the sites under con­
sideration, it is likely that both Berkshire and Norfolk would have experienced  
above “ average” TU values, although no simple relationship can be anticipated. 
There is substantial uncertainty over the TU and TUm in rainfall during the 
critical period 1 9 6 2 —1964 , although it remains absolutely certain that the 
bulk o f the TUm in infiltration must have been derived from rainfall during 
this period. The subsequent variations in TU and TUm in rainfall are better 
understood and will be useful for future studies o f temporal change in pore- 
water tritium profiles.
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C o m p u ta tions using m eteorological data
There will be errors in the measurement and com putation o f the basic m e­
teorological data (rainfall and potential evaporation), and it is also accepted  
that rainfall may be subject to  som e spatial variation between the investigation  
site and the nearest gauging station. However, their effect on the com putation  
of long-term infiltration is likely to be small.
Lysimeter experim ents (R. Kitching, pers. com m un., 1978) and water bal­
ance studies (e.g., Headworth, 1970) suggest that the RC for short-rooted  
vegetation could be reduced from 75 mm to perhaps as low  as 25 mm. 
However, the use o f a single root constant for arable farmland may not 
adequately represent the change in the regime o f evaporation after harvest. 
Som e lysim eter measurements and the m onitoring o f the shallow ground­
water table at one o f  the Norfolk sites during 1976—1978*  (Fig.5A  and B) 
supports the hypothesis that the RC certainly does not exceed, and is prob­
ably substantially less than, 75 mm. The reduction o f RC to  25 mm would  
have the effects o f  reducing the com puted soil moisture deficit to  zero 
earlier each year, increasing the infiltration by about 1 0 —2 0 % allowing 
larger displacem ent o f the main tritium peak and producing a significant 
increase in the TUm in infiltration, particularly in 1963 when maximum con ­
centrations in rainfall occurred (Table II, (/?)]. However, this factor alone 
cannot nearly account for the apparent deficit in TUm estim ated in in­
filtration against that measured in pore-water profiles, except in Dorset.
There is som e evidence from groundwater level hydrographs for infiltration  
of summer rainfall to  the Chalk, follow ing certain intense storms. On occasions 
such infiltration appears to occur w ithout the soil moisture deficit being sat­
isfied (and therefore is not taken into account by classical calculations based 
on m eteorological data). Such events are likely to  be associated with the 
highest TU in the yearly rainfall cycle (F ig.4), but in recent years at least, the 
associated rises in groundwater level in Norfolk (F ig.6 ) and Dorset have never 
exceeded 0 .05  m and m ay include a com ponent o f  barometric fluctuation, 
known to occur in unconfined Chalk observation boreholes during storms.
Even assuming a high value for Chalk specific yield (2%), the am ount o f in­
filtration involved would only produce an additional input o f 3—4 TUm  in 
Norfolk during the period 1964—1977. It is believed that summer infiltration  
occurs because o f  the cracking o f the clay soil cover, but it only results in re­
charge o f the Chalk aquifer in the very small percentage o f the land surface 
underlain d irec tly  by solution pipes or exceptionally large fissures. Elsewhere
* It sh o u ld  be n o te d  th a t  th e  p e rio d  1976—1978 , in c lu d ed  a seq u en ce  o f  ra th e r unusual 
m eteo ro lo g ica l c o n d itio n s  — th e  end  o f th e  w o rs t B ritish d ro u g h t o f  th e  2 0 th  c en tu ry  in 
O c to b er 1976 , fo llow ed  by th e  e x trem e ly  w et w in ter o f  1976—1977 , and  the  w e tte s t 
sp rin g —su m m er fo r m an y  y ears in 1978.
F ig .5. C o m p ariso n  o f c o m p u te d  and  observed in f iltra tio n  in N orfo lk  d u ring : (A ) 1 9 6 6 —1977; 
and (B ) 1 9 7 7 - 1 9 7 8 .
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Fig.6 . M inor recharge  to  N orfo lk  C halk  from  sum m er rainfall.
there would be no potential for any short-term excess rainfall to be drawn 
laterally into such features, because o f the prevailing high pore-water suctions; 
thus averaged over the entire land area this phenom enon results in alm ost neg­
ligible infiltration.
Som e other factors which might affect the TU o f  rainfall, evaporation and 
infiltration, should also be m entioned. While there is no isotopic enrichment 
of water during transpiration through plants (Zimmermann et al., 1966), a 
degree o f fractionation (preferential evaporation o f non-tritiated water) occurs 
during evaporation from bare soil. Although this condition arises on arable 
land for up to eight m onths each year, the overall enrichm ent of TU in the soil 
water is unlikely to be more than 2%. This is negligible, bearing in mind that 
the total evaporation during the non-growing season is unlikely to exceed
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150 mm. 'Pho actual TU in rainfall incident at soil level may be m odified by 
plant interception and by recycling of water vapour in the m icroclimate. The 
presence o f any deeper root developm ent in the soil—rock profile could lead 
to a disproportionate loss o f TUm by évapotranspiration.
O ther factors
Rainfall may n ot be the only source o f TU input; tritium may be taken up 
directly from the atm osphere by soil micro organisms and then oxidised to 
iMicome part o f  the soil water (Khhalt, 1973; McFiirlane e l al., 1978), but ihis 
process seem s unlikely to be particularly significant in llritish field conditions. 
The TU in the wat«r o f crystallization of fertiliser com pounds (applied in l a r g r  
quantities to arable land) is also considered to be negligible. There is also no 
record to suggest that any o f  the sites investigated have ever been subjected  
to agricultural irrigation. Tritium may be retained to som e degree on clay 
minerals and organic material (Stewart, 1967), but other than in the .soil zone, 
their proportion is minimal and such effects are likely to be unimportant in 
chalk itself.
Kcuiscii m o d e l o f  so ii-m oisture bchauiour
While each o f the above-m entioned factors imposed som e lim itation on the 
accuracy o f evaluation o f  the tritium input from infiltration, they did not ap­
pear sufficient to  make up for the larger o f the deficits on this side o f the 
mass balance calculation. Som e important factor seemed to have been over­
looked; the m odelling o f  the physical behaviour o f the upperm ost metre or 
so o f the soil—rock profile (the zone o f plant influence) was, in particular, re­
garded as ovorsimplistic. Only a proportion o f the soil moisture in this zone is 
available to  short-rooted plants*, but this moisture is intim ately associated 
with that retained perm anently in the finer pore space. Given the relatively 
low évapotranspiration rates generally experienced in Britain, it is highly prob­
able that much of the su m m er  rainfall resides in the soil zone for sufficient 
time to allow TU equilibration with the soil moisture, by vertical hydraulic 
dispersion and lateral molecular diffusion.
Thus a revised soil moisture m odel was introduced in which the TU of the 
soil m oisture at the end o f each m onth is given by:
T, =. I , ( S „ - S ,_ , )  + T » M ]/(So-Ss^ , + /%)
where S q is the lim iting size o f  the soil moisture store (i.e. the field capacity); 
Ss~i and T s - ,  are the antecedent soil moisture deficit and TU in the store, re­
spectively; Ii is the rainfall; and its average TU. The evaporation and any
*T hc low  vnlues o f  KC, w hich  ap p ear ap p ro p ria te , sujîitcst th a t sh o rt- ro o te d  v egeta tion  can ­
n o t d raw  w a ter from  C halk pores o f  m uch  less th an  a b o u t 0 .6  /urn, th a t is against su c tio n s o f 
m ore th an  5 a tm . (5 0  m o f  w ater).
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infiltration occurring during the m onth in question are assumed to have a TU  
equal to Tg. The TUm input is Tgl, where I  is the infiltration.
For the calculation o f infiltration the classical Penman—Grindley m ethod, 
applied to  the daily  m eteorological data is retained. It is recognised that, ideal­
ly, values o f  Tg should also have been com puted on a daily basis, but because 
of the afore m entioned uncertainties over the precise values o f the ad­
ditional com putation hardly seem ed justified.
The physical character o f  the soil—rock profile will control So and it is es­
tim ated, from physical properties (Table III), that the top metre has a moisture 
content at field capacity o f  300—350 mm at the Dorset sites and 150—200 mm 
at the Norfolk sites. The Berkshire site is similar to those in Dorset. If the next 
0.5 m o f the profile could be included it would increase the above values to  
500—550 and 300—350  mm, respectively, and thus values for So o f 100, 300  
and 500  mm must be considered.
A som ew hat similar m odel to  that developed here was suggested by Andersen 
and Sevel (1 9 7 4 ), but it only allowed the m o n th ly  excess  o f  rainfall over actual 
evaporation to  enter and mix with the soil moisture storage; this seems less 
realistic, at least under British conditions. Even the proposed model departs 
from physical reality because:
(a) it fails to  take account o f  interception, that is the water stored on the 
wetted surface o f plants and evapotranspired directly from them during and 
im m ediately follow ing rainfall;
(b) it neglects the effect o f  any small upward water flux from below the 
soil zone (which may occur under certain conditions in drier summers) on 
the TU in the soil moisture store;
(c) the depth o f  penetration and residence time o f summer rainfall in the 
soil zone will vary widely and the assumption o f total equilibration throughout 
this zone will n ot always hold.
A number o f  d ifferent com binations o f  Sq and RC have been evaluated, 
using m eteorological data for each o f  the three sites under consideration and 
the average TU in British rainfall decayed to  the appropriate date. The com puta­
tion was started in Septem ber 1960  with the initial Tg in the soil moisture 
store set at 160  TU before decay. The revised model produces very much 
larger tritium inputs in infiltration (Table II, (C)] because som e o f the tritium  
in summer rainfall, which possesses the highest TU each year (F ig.4), is re­
tained in the soil moisture and enters infiltration in the subsequent a u tu m n -  
winter. The store acts as a buffer, and the fluctuations o f TU in the soil m ois­
ture, and therefore in infiltration, are much more subdued and lag behind the 
widely-varying concentrations in rainfall (F ig.7). The increased autumn inputs 
(when Tg is greater than Tp ) tend to be partially counteracted by reduced in­
puts in spring (when Tg is less than ), but once a high TU has built up in the 
store a long tim e is required for it to dissipate. The behaviour o f  the store thus 
also explains the fact that the TU at shallow depth in pore-water profiles is 
com m only observed to be higher than the TU in the winter rainfall o f the im ­
m ediately preceding years.
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sites). T h e  T U m  in p u t is th e  p ro d u c tio n  in filtra tio n  is th e  p ro d u c t o f  tr itiu m  c o n c e n tra tio n  
and in filtra tio n .
IN T E R P R E T A T IO N  O F  T R IT IU M  P R O F I T S
The com bination o f  and RC selected to  model a given Chalk site must 
be capable o f  producing the tim e distribution o f TU and TUm in infiltration  
apparently implied by its tritium profiles (after allowing for the effects o f  
radioactive decay and o f  minor vertical diffusion) and, in particular, account 
for the magnitude and width o f the main tritium peak.
In general terms, the larger the S q, the greater is the total TUm in infiltra­
tion but the less peaked is the distribution o f TU with time. However, the 
timing o f  the last infiltration in 1962—1963 and the first in 1963—1964 (Fig.7) 
is the critical factor in determ ining which model produces the highest peak TU  
in infiltration [Table II, {B) and (C )]. In the presence o f a soil moisture store, 
the e ffect o f  variation in RC is also not straightforward, because it influences 
not only the tim ing and magnitude o f autumn infiltration but also the size o f  
the summer soil moisture deficits.
The uncertainty about the distribution o f TUm in rainfall, especially during 
1962—1964, preclude the confident selection o f a single com bination o f S q and 
RC as the best-fit m odel for any given site. The significant difference in the
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original mass balance anom aly between Dorset and Berkshire or Norfolk is, 
in all probability, essentially a reflection o f differing degrees o f departure o f  
the actual TU in rainfall from the “ average” British value. On the balance o f 
the available data, the m ost appropriate model for all sites would appear to 
have an S q o f 100—300  mm and RC o f 25—50 mm.
A doption o f such a m odel implies that the TUm observed in the Chalk pore- 
water profiles down to the base o f the thermonuclear tritium peak may re­
present a smaller proportion o f the total input in post-1962 infiltration than 
has been previously estim ated. The balance o f the available data could be 
interpreted as suggesting that up to  2 0 % of the tr itium  is transported by a 
preferential (more-rapid) flow  o f  water, involving som e type o f “by-pass” 
of the slow route o f  downward m ovem ent.
Tem poral changes in profiles
Reliable interpretation o f tritium in the Chalk unsaturated zone also re­
quires study o f  the tem poral changes in profiles at the same sites, particularly 
with respect to the m ovem ent o f  tritium peaks.
Redrilling and sampling at the Dorset site in 1977 showed that the main 
tritium peak had moved downwards through the unsaturated zone by 3 .5 —4.0 m 
since 1970  (F ig.8 ), but detailed analysis o f the new profiles poses certain 
com plications. The total TUm in the 1977 profiles is som e 10—15% less than 
the appropriately decayed 1970  profile, despite the input o f significant quan­
tities o f tritium during the period 1 9 7 0 —1977. In the case o f the original 
(lower) site, groundwater levels in recent years have occasionally risen above 
1 0  m b.g.l. (below  ground level) and could have washed som e tritium out o f  
the unsaturated zone profile but this certainly  could not have occurred at the 
adjacent upper site, where, because o f the higher elevation, groundwater levels 
have never risen above 15 m b.g.l. During Septem ber 1970—July 1977 the in­
filtration in the area is estim ated to  be 2 7 8 0 —3130  mm (depending on the root 
constant em ployed). If an apparent piston displacem ent o f the tritium peak 
was occurring as a result o f  all infiltration, the peak would have been expected  
to move down by 6 .5 —7.3 m; the observed m ovem ent was less than 60% of 
that expected . The proportion o f  infiltration associated with the slow  
m ode o f downward m ovem ent* (by whatever physicochem ical process) 
is thus further questioned.
In the analysis o f  the Berkshire profile. Smith et al. (1970) interpreted the 
proportion o f the total TUm that had penetrated in advance o f the main peaks 
to depths o f more than 1 2  m as being a measure o f the com ponent o f preferen­
tial rapid fissure m ovem ent. This approach is questionable since it is
* It w ou ld  be valuab le  if u n sa tu ra te d  zo n e  p o re -w ate r chem ica l p ro files (p e rh ap s Cl o r Na) 
Ijeneath  u n tre a te d  no n -ag ricu ltu ra l land  c o u ld  be used  fo r a co m p le m e n ta ry  analysis o f  th is 
p ro p o rtio n , b u t  sen sitiv ity  o f  th is m e th o d  to  sm all e rro rs  in th e  e s tim a tio n  o f m ean so lu te  
c o n c e n tra tio n  in ra in fall ap p ea r to  p rec lu d e  its  c o n fid e n t app lica tio n .
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Fig.8 . T em p o ra l v a ria tio n  o f  tr itiu m  p ro file s  in D orset.
highly probable that som e part o f  any rapid com ponent will have passed down  
fissures not intersected by the investigation borehole and/or have reached the 
water table.
Probable physica l m echanism  fo r  by-pass f low
Foster (19 7 5 ) show ed that the effectiveness o f  the Chalk matrix in re­
tarding the rate o f  downward m ovem ent o f tritium and other solutes in water- 
filled fissures would decrease with increasing fissure aperture, due to the larger 
fluid volum es involved and the faster rate o f fluid m ovem ent, which would  
make lateral molecular diffusion less effective. However, except at very low  
suctions, fissures o f larger aperture would remain air-filled and not be conduc­
tive.
Scotter (1 9 7 8 ) has dem onstrated that very rapid preferential m ovem ent of 
solutes in soils can be expected to occur in cracks and pores with a characteris­
tic size exceeding 0 .1 —0 . 2  mm but that such voids would only conduct water 
in near-saturated soil (i.e. at negative potentials (water suctions) of less than 
about 0 .2  m). It is likely, therefore, that the slow m ode of downward tritium  
m ovem ent is associated with water transport in the microfissures and largest
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pores o f the Chalk, whose characteristic size are in the range 0 .01—0.2  mm. 
Such voids are unlikely to  represent more than 1% o f the Chalk by volum e 
and probably produce a saturated vertical hydraulic conductivity o f  up to  
1 0 ' :  m /day.
After the m ost intense rainfall, the infiltration capacity o f  this system  is 
likely to  be exceeded, suctions will fall concom itantly and positive potentials 
will develop locally allowing horizontal groundwater m ovem ent to the macro­
fissures (o f greater than 0 .2  mm in aperture). The distribution o f  macro fissures 
in shallow Chalk is d ifficu lt to quantify, but in many areas they are likely to 
occur at a spacing o f  less than 1 m. Larger structures, such as pipes, although 
of widespread occurrence, are much less abundant. Unsaturated groundwater 
flow in the macrofissures is probably too  rapid to  allow significant lateral 
molecular diffusion o f tritium into the Chalk matrix. Temporal variation in 
operative flow  mechanism, according to rainfall intensity, will cause wide 
variation in the rate o f  water-table response to infiltration. Apparent rates o f  
downward m ovem ent well in excess o f 20 m /day have been recorded. The bac­
teriological contam ination o f  groundwater supplies, which n ot infrequently  
occurs in areas o f  thick Chalk unsaturated zone after high-intensity excess rain­
fall, is further evidence for the existence o f  such a flow  mechanism.
Variation in tlie proportion o f high-intensity rainfall in Dorset between the 
jK-'riods 196 2 —1970 and 1 9 7 0 —1977 might be the explanation for the slower 
m ovem ent o f the tritium peak during the latter period (F ig .8 ). (Any analysis 
o f rainfall intensity in this con tex t, however, is unavoidably subjective; spatial 
variation in the macrofissuring and tem poral variation in antecedent m eteoro­
logical conditions com bine to preclude the choice o f any specific rainfall inten­
sity above which rapid by pass flow  will occur.) Another cause could be that 
physical properties (fissure aperture and frequency) change with depth.
The presence o f a preferential rapid com ponent o f downward flow  depen­
dent on the intensity o f excess rainfall would have significant im plications for 
the interpretation o f  the behaviour o f  other solutes in the unsaturated zone.
The availability o f  ions for leaching from agricultural soils varies with time, 
maximum concentrations being likely to occur in the first autumn drainage, 
and also in any drainage in late spring. During the main winter period, when the 
probability o f  high-intensity excess  rainfall is greatest, the concentration o f  
agricultural leachates is likely to  be relatively low. This factor could be o f  
considerable significance in the overall interpretation o f  the Chalk ground­
water nitrate problem.
C O N C LU SIO N S
(1) The introduction o f  a more realistic conceptual model o f the behaviour 
of tritium in the soil fully accounts for the large amounts o f thermonuclear 
tritium in the Chalk unsaturated zone.
(2) At any given location, uncertainties over the limiting size o f the soil 
store in the new m odel and over the TUm in rainfall during 196 2 —1964 com ­
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bine to exclude an adequate evaluation o f the mass balance for tritium pore- 
water profiles.
(3) Individual profiles cannot be interpreted with sufficient precision to  
question or to  qualify the standard hydrom eteorological m odels for the cal­
culation o f excess rainfall.
(4) The TUm recovered in the pore-water profiles probably represent a 
smaller proportion o f  the total TUm input from infiltration than was previous­
ly believed. An im portant com ponent o f  preferential rapid downward m ove­
ment o f  tritium (and other solutes) could occur by som e by-pass mechanism  
associated with macrofissures that only conduct water in response to high in­
tensity excess rainfall. It is in the evaluation o f these unsaturated zone pro­
cesses that Chalk pore-water tritium profiling finds its m ost valuable applica­
tion.
(5) Long-term investigation o f the temporal changes in pore-water tritium  
profiles at individual sites will be required before unsaturated zone models to  
predict solute m ovem ent can be adequately calibrated.
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8316 The po llu tion  hazard  to  village w a te r
su p p lie s  in e a s te rn  B o tsw a n a
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Concern about groundw ater pollution has been aroused by observations in many village 
water supply boreholes of nitrate concentrations far in excess of recommended limits. A 
hydrogeological and hydrochcm ical study in the environs of a selected borehole, aimed at 
evaluating the causes and m echanism s of pollution, is described. Pit latrines arc shown to 
cause a m ajor build up of nitrogcneous m aterial in the surrounding soil and weathered 
rock, from which n itrate is leached interm ittently by infiltrating rainfall. M oreover such 
installations can also present a risk of groundw ater pollution by faecal bacteria. The study 
illustrates the need for integrated planning, based on a sound appreciation of local 
hydrogeological conditions, when developing low-cost village water supplies and 
sanitation, if serious new public health hazards arc to be avoided.
Introduction
W ater supply situation in eastern Botswana villages
D uring  the  past few decades there  has been a steady  im provem ent in public 
health  th ro u g h o u t eas te rn  B otsw ana, eiïected by the  d rilling  of w ater-supply  
bo reh o les,’ the  in tro d u c tio n  o f low -cost sa n ita tio n  and  the  e lim ination  o f the 
use o f  surface w atercourses. S im ilar con d itio n s exist in the  ru ral popu lation  
cen tres o f m any develop ing  coun tries , and  are  the targe t of the U nited  N ations ' 
developm ent p rogram m es for the  1980s.^
2. G ro u n d w a te r is norm ally  the safest source  o f u n trea ted  p o tab le  w ater in 
develop ing  coun tries , but regu lar m o n ito rin g  o f chem ical and bacterio logical 
qua lity  at indiv idual w ater-supply  boreholes is frequently  beyond the  capacity  o f 
local professional and  financial resources.
3. R ecently m any im p o rtan t villages in easte rn  B otsw ana were found to  have 
po llu ted  g ro u n d w ater. A sam pling  and analy tical p rogram m e^ show ed the 
n itra te  co n cen tra tio n s in m ost public  w ater-supply  boreho les w ithin u rban  limits 
to  exceed W orld H ealth  O rg an isa tio n  d rin k in g  w ater s tan d ard s : below 
100 mg N O j/ l  preferable and above 200 m g N O j/ I  unaccep tab le . In certain  
instances co n cen tra tio n s were grossly in excess o f these levels. T he problem  has 
been show n to be persistent and  w idespread.
4. T he po ten tia l health  im plica tion  for infants o f ingesting excessive n itra te
W ritten discussion closes 15 August. 1980. for publication in Proceedings. Part 2.
• Form erly G eological Survey D epartm ent. Botswana, now Loughborough University of 
Technology.
t  Geological Survey D epartm ent. Botswana, and Institute of Geological Sciences.
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co n cen tra tio n s in d rin k in g  w ater has been a top ic  o f  co n tin u in g  m edical 
a tten tio n *  ’ and  the possible elTccts on adu lts o f high n itra te  in takes over long 
periods is a subject o f  grow ing m edical concern.'®  T he presence o f  high 
g ro u n d w ater n itra te  co n cen tra tio n s , if derived from o rgan ic  sources, m ay be 
associated  w ith in te rm itten t bacteria l po llu tion  and would norm ally  w arran t 
careful m o n ito ring .
G eohydrological setting  o f  eastern Botswana
5. O v er m ost o f  eastern  B otsw ana the K alahari sand cover, w hich m antles 
the rem ain d er o f the  co u n try , has been rem oved by erosion and p re -C am b rian  
basem ent fo rm ations exposed. M in o r aquifers are  developed in the  w eathered  
zone a n d /o r  in the  underly ing  frac tu red /jo in ted  bedrock. G ro u n d w ate r m ove­
m ent takes place a lm ost exclusively th ro u g h  any open Assures, w hich m ay 
be sp a rse  because o f infilling by clayey w eathering  products. G ro u n d w ate r 
levels a rc  usually  relatively shallow  (less th an  30 m), aquifer transm issiv ities low 
(less th a n  50 m ^/d) and  boreho le  yields sm all (less th an  2 1/s), but with deep 
cones o f pum p in g  depression .
6 . E astern  B otsw ana has an  average rainfall o f ab ou t 500 m m /a and, w ith 
th in , albeit clayey, soils and  frequent bedrock exposures, diffuse g ro u n d w ater 
recharge occurs fairly regularly  in m ost wet seasons (N o v em b er-M arch ). T he 
region is hilly and  there  is su b s tan tia l runoff in (locally influent) ephem eral 
stream s. T h ere  a re  few perennial stream s, fed by g ro u n d w ater discharge.
7. In m ost a reas the chem ical quality  o f unpollu ted  g ro u n d w ater is good and 
the  to ta l d issolved solids and  ch lo ride  co n cen tra tio n s a re  relatively low.
S c o p e  o f  research
M ethods o f  investigation and objectives
8 . T he stu d y  was aim ed at estab lish ing  the causes and  m echanism s o f po llu ­
tio n  o f village w ater-supp ly  boreholes, and  at considering  possible rem edial 
action . It involved a deta iled  evaluation  o f the  factors co n tro lling  w ater and 
p o llu tan t m ovem ent in the  u n sa tu ra ted  and sa tu ra ted  zones a ro u n d  a selected 
w ater-supp ly  borehole .
9. T hree  in v estig a tio n /o b se rv a tio n  boreholes, at 15-25 m rad ius from the 
w ater-supply  bo reh o le  (Fig. 1 ). w ere drilled  to  ab o u t 10 m below  the w ater-tab le  
using  pow er augering  and  air-ffush cored  ro tary  o r ham m er percussion 
techniques. T hey  were lined w ith perforated  plastic  casing and  developed by 
pum ping  until th e ir d ischarge  cleared. Soil sam ples were collected at every 
0 5  m. A series o f auger holes for sam pling  the  soil and w eathered rock was also 
d rilled .
10. T he  m ain  m ethods o f investigation  were
(a) test pum ping  o f the w ater-supply  borehole, using the existing plant, a t a
co n stan t ra te  o f 1 I/s, g ro u n d w a ter levels being m easured  and e lectri­
cal co n d u ctiv ity /tem p era tu re  logs run
(b) chem ical and  bacterio log ical analyses o f w ater sam ples collected from
the sa tu ra ted  zone
(c) n itra te  and ch lo ride  analyses on  soil sam ples
{d) chem ical tracer experim ents.
T he tim ing  o f  the investigations is show n in Fig. 2; m ost o f the analy tical w ork 
was perform ed in a field lab o ra to ry .
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Fig. 1. D etailed site plan
Groundwater cotuiiiions in study  area
11. B orehole BH 1018 (Fig. 3) was in a m ajo r village w ith a popu lation  of 
ab o u t 20000, had a n itra te  co n cen tra tio n  o f m ore  th an  500 mg/1 and. until 1977, 
was the  p rim ary  source  o f w ater for a nearby  hospital.
12. T he study  area  is in an em baym cnt of an escarpm ent (Fig. 4) of W ater- 
berg san d sto n e  and  shales and  is underla in  by talus and w eathered Basement 
C om plex g ran ite  gneisses Soils are  d a rk , clayey, 0 -3  m thick and g rade d o w n ­
w ards in to  w eathered  rock. T h e  a rea  is transected  by a stream  which rises in the 
W aterberg  hills and  is im pounded  by a sm all dam  ab ou t 150 m upstream  of 
BH 1018. T he stream  is gain ing  in its u p per reaches, base flow being m ain tained  
for som e o f the year, but in the  study  area  it ap p aren tly  becom es losing.
13. P um ping  test analysis show s the w eathered g ran itic  aquifer to  have a 
transm issiv ity  o f  only 15-20 m ^/d w ith a s to rage  coefficient o f up  to  0 0 1 . Som e 
n a tu ra l o r  induced recharge from  the ad jacen t stream  is present but its p ro p o r­
tion  m ust be m in o r o r in te rm itten t because it could not be detected as a b o u n ­
dary  in the  pum ping  test.
14. T he d irec tion  o f regional g ro u n d w ater flow is aw ay from the escarpm ent, 
in co m m o n  w ith th a t o f the  surface d ra in ag e, but because o f the low aquifer 
transm issiv ity  is o f  only sm all m agnitude. T he hydrau lic  conditions and low 
pum ping  ra te  will lim it the  flow frontage in tercep ted  by BH 1018 to  w ithin 100 m 
o f the  boreho le .
15. A survey o f p o ten tia l po llu tion  sources w ith in  a 100 m radius o f 
BH 1018 was m ade. A bout one  in four households has a pit latrine (a po p u lar 
and  grow ing form  o f low -cost san ita tio n  in B otsw ana), which is norm ally  
shared .
16. T he area  surveyed had 30 pit latrines used by ab ou t 2(X) people. The 
nearest pit la trine  to  BH 1018 was 25 m d istan t (Fig. 1), hand-dug  to ab ou t 
2 5 m deep  and  floored by w eathered bedrock with the local w ater-tab le  3 0  m
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below  its base. It was constructed  before the w ater-supply  borehole . A ddi­
tionally , a lth o u g h  o u tside  the  100 m radius o f BH 1018. there  a re  ab o u t 300 
people a t the  hosp ital, som e o f the  effluent o f which enters the reservo ir im ­
p ounded  by the  d a m ; this reservo ir overflows in to  the s tream  w hich flows past 
BH 1018.
G roundw ater quality in saturated zone
H ydrochem ical
17. T h e  electrical conductiv ity  logs show ed the presence o f g ro u n d w a te r 
s tra tiflca tio n  in o b se rv a tio n  boreho les O W l and  O W 2. w ith ab ru p t increases 
from  ab o u t 800 p fî"*  to  m ore th an  2 0 0 0  at 6  m and 8  m d ep th  resp ec t­
ively. T h e  g ro u n d w a te r in O W 3 had a uniform  conductiv ity  o f  800 p O " '.  O n  
pum ping , the  low er conductiv ity  w ater was depleted  and the s tra tifica tio n  
qu ick ly  d isap p eared . V arious pum ped and  dep th  sam ples were collected for full 
chem ical analyses. T hese analyses (Table 1) confirm ed the  o b servation  (Fig. 5) 
and  show ed the  deeper, h igher conductiv ity , layer to  be co m parab le  chem ically
80
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0  g roundw ater tracer experim ents
Fig. 2. Timing of field investigations during wet season of 1977-78 
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Fig. 4. S ettlem ent pattern  in study  area
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Fig. 5. Stiff diagram  sum m arizing g roundw ater chem istry
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with the w ater supply  from BH 1018, and  the low er conductiv ity  layer to 
resem ble stream  w ater in certain  respects. T he la tter sim ilarity  m ust reflect the 
presence of influent seepage from  the stream , but the fact th a t low er conductiv ity  
g ro u n d w ater was rapidly  depleted  suggests that the seepage m ust be sm all and  
perhaps in te rm itten t.
18. T he deep er layer ap p ears to be represen tative  o f g ro undw ater in the 
general area. It is heavily pollu ted  w ith n itra te  (invariably exceeding 500 mg/1) 
and  a lso has high ch loride, sodium , calcium  and m agnesium  co ncen tra tions . T he 
sam ples from  boreho le  O W 2, which was ad jacen t to  the  pit latrine, a lso con tain  
high co n cen tra tio n s o f  n itrite  and  som e am m onium .
19. In the n itra te-rich  g ro undw ater, the increased calcium  and m agnesium  
con ten t is not balanced  by a p ro p o rtio n a te  increase in b icarbonate , but m ore 
likely by n itra te  itself. T his is p robably  due  to  n itra te  being leached from  the 
soif-w eathercd rock in an  acidic form, and hence dissolving som e o f the  c a rb o n ­
a te  present. T h ere  is a good co rre la tio n  (a coefficient o f 0  92) betw een excess 
C a -f Mg (— H C O ]) and  N O , when they arc  expressed as equ ivalen ts; 
analyses o f sam ples pum ped from o th e r w ater-supply  boreholes in the sam e 
village were used w hen this hypothesis was tested.
Bacieriological
20. Sam ples were collected from the w ater-supply  bo reho le  and from  the 
o b se rv a tio n  boreholes for bacterio log ical ex am in atio n ; taps and a dep th  sam pler 
were sterilized by flam ing in m ethano l before sam pling. T o ta l and faecal coli- 
form co un ts were m ade on  each sam ple  in the field lab o ra to ry  using a stan d ard  
m em brane  filter technique.
21. Escherichia coli occu r in en orm ous num bers in the excreta o f m an and 
an im als and th eir presence in w ater is indicative o f recent faecal pollu tion . 
H ow ever, they can n o t be used as a q u an tita tiv e  m easure  o f faecal po llu tion  nor 
o f the  presence o f pa thogenic  m icro-organ ism s. T he philosophy  is that if faecal 
co n tam in a tio n  o f w ater is present, then  pathogens m ay also be present. O th e r 
coliform  o rgan ism s are  m ore widely d is tribu ted  in n a tu re  and m ay gain access 
to  w ater from non-faecal sources, e.g. soils and plants.
22. T h e  bacterio log ical tests (Table 2) show ed gross faecal po llu tion  in 
obse rv a tio n  boreholes O W l and  0 W 2 ;  there  were low er Escherichia coli counts 
in BH 1018 and  O W 3. N evertheless, the  w ater supply  from th e  form er would be 
classified as suspicious to unsatisfactory  because the sam pling  was very lim ited.
Table 2. Bacteriological tests on groundwater samples
Sample BH 1018 OW l OW2 OW2 OW2 OW3
(depth) (pumped) (10  m) (pumped) (6 m) (10  m) (pumped)
Date 26.10.77 10.2.78 3.2.78 26.10.77 32.78 3.2.78 26.10.77
Escherichia
co/» /!0 0  ml 9 1 200 13 350 80 2
Total coliforms/
100 ml • 127 500 • 1000 5(X) •
• Not determined. 
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T here had been little p revious bacterio logical exam ination  o f village borehole  
w ater supplies in B otsw ana. R egular m easurem ents o r  rou tine  m onito ring , 
especially d u rin g  and  after heavy rainfall, are required to  establish  the extent 
and regim e o f  bacterio log ical po llu tion  at any given site.
23. Since the  w ork described here was done, a prelim inary  study  o f the 
p o llu tion  o f bo reho le  w ater supplies by faecal bacteria  has been carried  ou t in 
the sam e village; the results are a la rm in g .”  G ross faecal po llu tion  has been 
found to  be general, frequently  pathogen ic  species have been identified and . in 
certa in  instances, these ap p ea r to  be stra ins which are resistant to  m any 
com m o n  an tib io tics.
C ontam ination  o f  soil and unsaturated zone
24. T he  m obile field lab o ra to ry  was equipped with a refrigerated centrifuge 
w ith  special bucket liner assem blies for ex tracting  pore fluid from geological 
sam ples. It was used in the  d e te rm in a tio n  o f the n itra te  and ch loride  con ten t of 
soil and  w eathered  rock. A m odification  to  the norm al centrifuge m e th o d ”  
in co rp o ra tin g  an  e lu tr ia to r was developed because low soil m oistures did not 
generally  perm it the  recovery o f sufficient pore  fluid. K now n sm all volum es 
(15-20 m l) o f  deion ized  w ater were added  to  soil sam ples (of ab o u t 150 gm) 
after they had  been packed in the centrifuge liners; recovery of the e lu triate  was 
30-80% . E xperim ental recovery o f so lu tes which were added  artificially to  
sam ples suggests th a t the  e rro r in troduced  by this m ethod o f sam ple  handling  
docs not exceed ± 2 0 %.
25. T he sam ples o f  e lu tria te  were stoppered  and refrigerated until they were 
analysed in batches for ch lo ride  and  n itra te  by arg cn tio m etric  m icro titra tion  
and  the  co lo rim etric  sod ium  salicylate m ethod  respectively. T he  results were 
expressed in term s o f  m illigram s o f leachable ion per k ilogram  o f m oist sam ple 
(ppm  by weight). T h e  soil N O ] —N con ten t de term ined  m ay include o ther 
n itrogen  species present in the soil and  oxidized by the e lu tria tion /cen trifugation  
tech n iq u e; th is possib ility  is considered  in the in te rp re ta tio n  of the results.
26. T h e  loca tions o f  the seven auger holes A -G  used for soil sam pling  are 
show n in Fig. 1 ; four a d d itio n a l auger holes H -K  were drilled in and  ou tside  the 
village at sites rem ote  from  all po ten tia l po llu tion  sources to  de term ine  b ack­
g ro u n d  co n cen tra tio n s . High co n cen tra tio n s of N O ] —N and Cl (10-2000 and 
10-400 ppm  respectively) were found in the  soil sam ples from auger holes A -E , 
w hich were drilled  close to  the  pit latrine, w hereas the sam ples from  auger holes 
F  and  G , w hich were ab o u t 40 m d istan t, recorded only background  concen­
tra tio n s  (2 ppm  N O ] —N  and 4 ppm  Cl). T he highest N O ] —N and Cl concen­
tra tio n s  were in general im m ediately  above the rock head (Fig. 6 ); the h igher co n ­
c en tra tio n s  found a ro u n d  auger hole E are p robab ly  due to  preferential drainage.
27. N itra te  is a stab le  io n ; it is generated  from oxidizable form s o f nitrogen 
by in filtrating  ra in -w ater and leached from  soils du rin g  the wet season. A ssum ­
ing a field bulk density  o f 13 , the  to ta l m ass o f readily oxidizable n itrogen  in a 
co lum n o f soil reach ing  from  the  surface to  the rock head for the sites in the 
im m edia te  vicinity o f  the  pit la trine  (auger holes A -E ) has been calculated to  be 
0 1 -0  5 kg N /m ^  T his show s th a t the  co n tam in a ted  soil zone, which extends at 
least 15 m e ith e r side o f  the pit la trine, represents a m ajor source o f n itrate  
co n tam in a tio n  to  g ro u n d w a ter supplies.
28. T he n itrogen  con ten t o f h um an  excreta is believed to  be ab ou t 5 kg/m an 
per y ear; thus the  to ta l n itrogen  d ischarged to  the soil w ithin 1 0 0  m radius of
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w ater-supply  bo rehole  BH 1018 (d iscounting  the  hosp ital fu rther upstream ) 
would be 1000 kg N /year. A ssum ing a m ean n itra te  con ten t o f 600 mg/1 for this 
borehole  and tha t, w hen in use it o perated  th ro u g h o u t the year for five hours a 
days at I 1/s, the d ischarge would represent ab ou t 900 kg N O ] — N /year.
Groundwater tracer experim ents  
Unsaturatcd zone
29. T he transit tim e betw een the  pit latrine and the ad jacen t o bservation  
bo rehole  (OVV2) was m easured  by the injection of 20 1 o f lithium  ch lo ride  so lu ­
tio n  (approx im ate ly  25(X) m g Li/1) in to  the  pit latrine d u ring  the pum ping  test in 
F eb ru ary  1978. After injection, sam ples were collected regularly from  the  o b se r­
vation  bo rehole  th ro u g h o u t the subsequent 20 h our period. L ithium  was chosen 
because it is a safe, m obile  ion, and its background  level o f occurrence is very low.
30. T he first sam ple  collected from  borehole  O W 2 had a co n cen tra tio n  of 
lith ium  o f m ore  th an  five tim es the  background  level (Fig. 7). Subsequent 
sam ples show ed a steady  decrease  in lithium  concen tra tio n  and after ab o u t nine 
hours the  co n cen tra tio n  was at its no rm al level. M ost o f the tracer thus reached 
the  w a ter-tab le  in less th an  25 m inu tes; as the bedrock betw een the pit latrine 
and  boreho le  0 W 2  (Fig. 6 ) was fissured, recharge took  place rapidly. T he 
experim ent thus d em o n stra ted  the high risk of faecal bacterial con tam ination  
o f g ro u n d w a ter via pit latrines.
Saturated zone
31. T he tran s it tim e betw een boreholes O W 2 and BH 1018 was determ ined 
by the injection  o f  2 I o f the  co n cen tra ted  lith ium  ch loride  so lu tion  and  m o n ito r­
ing ap p earan ce  o f the  trac e r by frequent sam pling  (Fig. 7). D uring  the first 
200 m inutes the  lithium  co n cen tra tio n  in the d ischarge from BH 1018 rem ained
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— Ba s e  of 
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Fig. 6. H ydrogeological section  ol study area 
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Fig. 7, R esults of g ro u n d w ate r tracer experim ents
at 0 0 8  m g l ;  it peaked at 1-05 mg/1 in the  sam ple  collected after 210 m inutes 
and  d ro p p ed  to  0 0 8  mg/1 again  after 230 m inutes. A sam ple  taken  from the 
obse rv a tio n  bo reh o le  after com ple tion  of the test show ed th a t there was still a 
plentiful supp ly  o f lith ium  in the  w ater at dep th , suggesting  that the flow o f  the 
tracer ou t o f the  bo reho le  had occurred  only at iso lated  fissure-flow horizons. 
T he to ta l tran s it tim e from  the pit la trine  to  the w ater-supply  boreho le  was thus 
less th an  235 m inu tes: a fu rther d em o n s tra tio n  o f  th e  p o llu tion  hazard  involved.
C onclusions \
32. T he study  clearly  establishes the  serious g ro u n d w a ter po llu tion  hazard  
represented  by pit latrines in hydrogeological env ironm en ts such as those widely 
encoun tered  in easte rn  B otsw ana. T h is hazard  has tw o d istinct com ponen ts
(fl) rap id  tran sp o rt o f  faecal b acteria  to  the  w ater-tab le  before na tu ra l elim ­
in atio n  can  occur
{h) m ajo r build up  o f n itrogenous effluent in the  su rro u n d in g  soil and 
w eathered bedrock , from which high n itra te  co n cen tra tions are 
leached.
If pit latrines and w ater-supp ly  boreho les arc  closely associated  in this type of 
hydrogeolog ical env ironm en t a po ten tially  grave risk to  public health  results. 
In te rm itten t heavy c o n tam in a tio n  o f the w ater-supply  by faecal bacteria  can be 
an tic ip a ted  and  n itra te  co n cen tra tio n s considerab ly  in excess o f the  abso lu te  
W orld H ealth  O rg an isa tio n  limit (100 mg N O j/ l )  m ay occur. F o r  these reasons 
g ro u n d w ater, w hich is norm ally  the safest and  m ost viable source o f po tab le  
w ater in develop ing  coun tries , m ust be m anaged w ith sound  hydrogeological 
u n d erstan d in g  if serious new health  hazards arc  to  be avoided.
33. All soils and unconso lida ted  s tra ta  ap p ea r to  rem ove 90%  of bacteria  
w ithin the  first 1 - 2  m o f w ater m ovem ent in the  u n sa tu ra tcd  zone, alm ost re­
gardless o f the  initial bacteria l loading, because of m echanical filtration  and 
b iological e lim in a tio n .'^  They thus represent an effective waste w ater trea t­
m ent system . H ow ever, any bacteria  reaching the sa tu ra ted  zone m ay move 
su b s tan tia l d istances dow n  any hydrau lic  g rad ien t, norm ally  in a th in  sheet close
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to  the w ater-tab le .**" '"  As viruses are sm aller th an  bacteria , it is generally 
believed that those  stra ins that can resist changes in env ironm en t m ay be m ore 
persistent and m obile in g ro undw ater systems."*"^®
34. In bedrock fissure-flow form ations, bacteria  and viruses can  be especially 
m o b ile .’ * A serious o u tb reak  o f infectious hepatitis in a sm all tow n in the  USA 
has been a ttr ib u ted  to ra th e r sim ilar conditions to  those described in this 
Pa per. Even in low -transm issiv ity  basem ent aquifers like those  in eastern  
B otsw ana, in w hich n a tu ra l m ass m ovem ent is very slow , relatively rapid 
g ro u n d w a ter flow w ithout significant bacterial filtration m ay take  place at c er­
ta in  horizons over radial d istances o f at least 25 m and up to  perhaps 100 m. 
given the  steep  hydrau lic  g rad ien ts im posed du rin g  pum ping. In the absence of 
hydrogeological d a ta , it has been recom m ended that the d istance  betw een a 
p ro p erly -constructed  shallow  well and a pit la trine  founded in deep  soil should  
be at least 30 m.*"'^^
35. T h ere  arc m any sm all— m ostly ephem era l—stream s in villages in e as t­
e rn  B otsw ana. T hey norm ally  generate  som e influent seepage, because frequently  
they flow d irectly  on  w eathered  bedrock, and when they pass close to  w ater- 
supply  boreholes they represent an ad d itio n al bacterial and  chem ical po llu tion  
h aza rd ; how ever, they arc  unlikely to  have high n itra te  concen tra tions. In gen­
eral it is inadv isab le  to  site new w ater-supply  boreholes close to  such 
w atercourses.
36. T h e  m ost realistic  long-term  so lu tion  is the progressive re location  o f 
public  w ater-supply  boreholes in un p o p u lated  areas with re ticu la tion  to  s ta n d ­
pipes in the  villages and  ch lo rin a tio n  o f any rem aining do u b tfu l sources. Such a 
policy is now  g radually  being im plem ented in eastern  B otsw ana. How ever, it 
m ust be recognized th a t sm all-scale ch lo rin a to rs  arc  unlikely alw ays to  operate  
clTcctivcly in develop ing  countries . Source  pro tec tion  m ust, therefore, form the 
p rim ary  c o u n te r-p o llu tio n  m easure. P o llu tion  pro tec tion  areas should  be e stab ­
lished, as a p rio rity , a ro u n d  all new w ater-supply  boreholes.
37. T o  e lim inate  d irect p o llu tion  an area  o f at least 5 m rad ius a round  
b oreholes shou ld  be fenced to  exclude people and  anim als from en tering  and 
paved so as to  d irect surface d ra in ag e  away from  the borehole. Solid lining tubes 
shou ld  be effectively g rou ted  at the  surface and taken  to  a dep th  below  the zone 
of seasonal w ater-tab le  fluctuation .
38. T o  reduce p o llu tion  via the  aquifer certain  restric tions should  be en ­
forced over a m uch larger a rea ; these include a ban on the  co n stru ctio n  o f pit 
la trines, sep tic  tan k s and  so on  (and, therefore, effectively on  h ab ita tion ), the 
s to rage  o f chem icals and  oil, and the location  o f livestock pens. T he  size o f this 
a rea  shou ld  be d ic ta ted  by local g ro undw ater conditions (e.g. aquifer tra n s ­
m issivity, hydrau lic  g rad ien t, g ro u n d w ater flow regime, the  presence o f any 
confin ing  s tra ta  and  th ickness o f the soil and u n sa tu rated  zone). How ever, in 
p ractice  ad eq u a te  hydrogeological d a ta  and expertise m ay not alw ays be avail­
able. A lthough  far from  ideal, it is considered  th a t the po llu tion  hazard  would be 
greatly  reduced in the g ro u n d w ater cond itions norm ally encountered  in eastern  
B otsw ana by the  estab lishm ent o f po llu tion  p ro tection  zones o f 200 m radius 
a ro u n d  each w ater-supply  borehole .
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S.S.D. FOSTER o f  G eo lo g ica l  S c ie n c e s )
I wish to comment primarily on Papers 9 and LI, 
in relation to which I wish to amplify certain 
points on the subject of regional groundwater 
resources development, but as a groundwater spec­
ialist I am repeatedly confronted with a scarcity 
of basic data emd am thus concerned to some deg­
ree with Paper 8  also.
From the outset I consider it worthwhile to 
define what we mean by a regional (or major) 
aquifer system and would be interested to learn 
the Authors' opinions. Do we draw the line at 
systems having mean transmissity in excess of 50 
(or perhaps ICO) m^/d and hydraulic continuity 
over more than SO or 100
Now aquifers with lower transmissivities and 
of more limited extension would be classed as 
local or minor; nevertheless, on a world-wide 
basis and talcen collectively, they should contin­
ue to be of great importance as a (direct) source 
of water-supply, both for human consumption and 
animal watering. However our strategy towards 
them is I thin)c, in most cases, unli)cely to 
change radically - though more effort must go 
into source pollution protection and groundwater 
quality conservation, and some rationalization 
of abstraction may loe desirable in certain 
instances.
In relation now to the major groundwater sys­
tems, those benefitting most from a regional or 
basinwide approach to resource development, a 
vital prerequisite is a clear understanding of 
the exploitable storage, as Mr Rofe has clearly 
reminded us (Paper 9, paragraph 10). At the same 
time it must be recognized that the determination 
or estimation of the storage coefficient pertin­
ent to a particular set of operational conditions 
(groundwater levels etc) is probably the most 
importcint, yet thorny, problem in practical 
groundwater science. This applies to all aquifer 
types, with the possible exception of Icarstic 
limestones and some basaltic formations whose 
storage resources are normally insignificant when 
compared to their throughflows. In the overall 
evaluation of groundwater resources, the problem 
of storage coefficient selection is often com­
pounded with numerous uncertainties generally 
associated with the estimation of the long-term
9 5
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praae rate of aquifer replenishment.
MtLuqh I agree with Mr Rofe that we in Britain 
have been amongst the first to gain practical 
v!Lledge in the application of new concepts for 
combined use of surface and groundwater re- 
ces (Paper 9/paragraphs 12 and 17) , I do not 
L n k  we should be too complacent. Recent exper­
ience has clearly shown that we had, and probably 
still have, a lot to learn about groundwater 
storage in our major aquifers (refs 1, 2 and 3), 
despite the fact that they have been exploited as 
a major source of public water supply for more
than a cen tu ry .
Now if we turn our attention away from Britain, 
we find that hydrogeologists and groundwater 
engineers a re  confronted, additionally, with a 
number of far more inroediate problems including
(a) the almost invariable scarcity or poor qual­
ity of water-supply borehole records, and
in particular the general absence of well- 
documented operational experience;
(b) reluctance to face the cost and/or the time- 
delay involved with adequate investigation 
and research;
(c) the required rates of scheme implementation 
are not normally compatible with systematic
development;
(d) constraints on investigation and development 
imposed by the limitations of drilling equip­
ment and pumping plant available locally;
(e) inability to sustain, or lack of interest in, 
routine data collection;
(f) an organizational cu id  legal framework that 
may prevent the implementation of more e f ­
fective policies in water resource develop­
ment and management.
As the Authors of Paper 11 have pointed out 
(Paragraph 1.4): ' the disadvantages of groundwater 
development arise mainly from the difficulty of 
accurately assessing the size of the resource 
(storage and replenishment) and the possible 
consequences of over-development’ . Bearing this 
and the above problems in m i n d , I would strongly 
advocate the following strategy towards ground- 
water resources in the developing countries :
new developments should proceed on a c l ear­
ly structured or staged basis, gathering 
information for the design of the later 
stages from those preceding - recognizing 
that in the groundwater business ’ the proof 
of the pudding is in the pumping; 
the size of the initial stage should be 
ecided using computerized mathematical mod­
elling to assess the sensitivity of resource 
estimates to errors in storage coefficients 
y^Gcharge rates, including the inter- 
3ct on of realistic worst case values for 
{c) A Other problematic parameters;
deve opments should, as far as possible,
 ^e ocal^y manufactured or assembled hard- 
Id) eveL^*^f ^Gsigned for simple maintenance; 
y effort should be made to make adequate 
routine monitoring of 
P 9^ rates, groundwater levels/salinity.
down of inevitably mean a slowing-
emphasis fr development: a change in
vocatinq th°"’ to management. In ad-
I^teniptino normally in a situation of
and social planners I But in the groundwater 
field there is still room for further enlightment 
of administrators ('client e d u c a t i o n ' as consul­
tants would call i t ) , and if one reckons on the 
number of abandoned wells and boreholes around 
the world, I consider this course preferable to 
the loss of investment - and, perhaps worse, of 
hope - that will inevitably follow as a result of 
accidental, uncontrolled, over-abstraction.
(a)
lb)
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Bradley has emphasized the need for 
^closer collaboration between the engineering 
^ T h e a l t h  professions if the best results of 
Ztex d e v e l o p m e n t s  are to be achieved and their 
L o c i a t e d  health hazards minimized.
I would like to illustrate this need in rela­
tion to low c o s t  schemes for the improvement of 
village supply and sanitation - a most
ical s u b je c t  in view of the recently announced , 
SnDP t a r g e t  for the 1980s and one touched upon \ , 
by o t h e r  Authors (Paper 3, para. 16, Paper 12,
para 11)• _
in the 'villages' of eastern Botswana the last
two decades have seen steady improvement in 
public h e a l th  brought about by, amongst other 
factors, the progressive construction of water 
supply boreholes and sanitary installations 
(generally pit latrines) and consequent elimina­
tion of the dependence upon surface watercourses. 
Recently, however, the nitrate concentrations in 
public water supply boreholes within the urban 
limits of many villages has been shown to exceed 
WHO reconanended  limits, in certain instances 
grossly with levels greater than 50 mg N O 3 -N/I 
not being uncommon. In general these boreholes 
draw sm all water supplies (less than 2 1 /s) from 
weathered, fissured, bedrock aquifers of low 
tran sm iss iv ity  (less than 50 m^/d) , whose 
re la tiv e ly  shallow water tbales (often less than 
10 m bgl) are recharged in almost every wet 
season, as a result of the high intensity rain­
fa ll and thin soil cover.
During 1977-78 I directed a detailed research 
programme to evaluate the mechanisms of ground 
water pollution, the results of which will be 
published shortly . It was shown that
the close association of pit latrines and water 
supply boreholes in this type of hydrogeological 
environment can lead to serious new health 
hazards, the goundwater pollution having two 
distinct componenets ; (a) a major build up of 
nitrogeneous effluent in the soils and w eathered 
bedroc)( surrounding the pit latrines, from which 
high nitrate concentratJ.ons are intermittently 
leached; and (b) the rapid transportation of 
fecal bacteria populations to the water table 
before natural elimination cam occur.
The gross bacterial contamination is 
particularly alarming since groundwater is 
normally regarded as the safest source of 
untreated potable water in developing countries.
In the instance studied, a transit time from a 
pit latrine to a water supply borehole, 25 m 
distant, was demonstrated to be less than 4 
l'ours. I understand that a broader survey has now 
shown gross fecal pollution of village water 
supply boreholes to be widespread; pathogenic 
species having been frequently identified and, 
instances, these are seULd to be 
! exhibiting resistance to many common
antibiotics.
This example illustrates the need for a sound 
local hydrogeological conditions 
oru Ï ^ ^ 9  this type of low cost public health 
development. It also 
both need of integrated planning of
aspects^  supply and sewage disposal aspects
In general for eastern Botswana, the most 
realistic long term solution to the groundwater 
pollution problem would be the progressive 
relocation of public water supply boreholes in 
unpopulated areas, with reticulation to stand­
pipes within the villages themselves. For the 
type of reasons mentioned in paragraph 14 of the 
Paper, chlorination ceinnot be regarded as the 
primary counter-pollution measure. Source 
protection areas must be established around all 
new water supply boreholes to prevent settlement 
and to ban other potentially polluting 
activities. The size of these areas ought to be 
dictated by local groudnwater conditions, but in 
any event, for most situations in eastern 
Botswana, they should include at minimum the 
area within ICX) m  radius of each borehole.
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I I FIX'TS 01 AGRICULTURAL LAND-USL ON GROUNDWATER OUALITY  
WITH SPECIAL REFERENCE TO NITRATE
S.S.l). Foster* & C.F. Young**
a h s t k a c t
Cirountlvvaier p rov ides over 30V^ o f  p o tab le  w a te r  supplies in B ritain . It is m ain ly  derived from  the 
Chalk and Triassic S a n d sto n e  lo rm a tio n s , w hich  o c cu r w idely  as u n co n fin cd  and  sem i-confined  fissured  
aquifers (w ith sign ifican t p rim ary  p o ro s ity ) , th e  recharge areas o f  w hich form  ex tensive  trac ts  o f  valuable 
agricultural land. N itra te  ( N O 3 - N )  levels in m an y  so urces , p a rticu la rly  in easte rn  E ngland , are now  c o n ­
siderably above 10 mg/1 th o u g h , in m an y  cases, there  is no  obvious p o in t sou rce  o f  p o llu tio n . In c o n ­
sequence, tw o n a tio n a l research  p ro g ram m es are in progress and  th e ir in te rim  resu lts  are su m m arized . 
Very high N O 3 - N  c o n c e n tra tio n s  (over 20  mg/1) have been  w idely  observed in the  in te rs titia l w a te r o f  the  
unsaturated zone b e n ea th  a rab le  fa rm lan d . T heir im p lica tio n  fo r fu tu re  g ro u n d w a te r q u a lity  is d iscussed  in 
the light o f p ro bab le  ra tes o f  p o llu ta n t tra n sp o rt  an d  o f  possib le a tte n u a tin g  processes.
I M R O D iC T lo y  
Background to British research
Allhotigit instances o f  individual wells and boreholes producing nitrate-rich ground­
water (with more than the current lower WHO limit for KO3 - N  o f  I 1.3 mg/1) have been 
recorded at least since Hie end o f  the i ‘)th century (Whitaker 1908), the contamination 
could be confidently assigned in the majority o f  cases to nearby discrete or point sources, 
such as cess pits, leaking sewage mains or farmyard drainage. In recent years, however, an 
increasing number o f  examples o f  high and/or rising nitrate levels have been reported from 
Chalk, Triassic Sandstone and other aquifers, especially in eastern England (Davey 1970, 
Greene & Walker 1970. Satchel! & Ed worthy 1972, Foster & Crease 1974, Severn-Trent 
Water Authority 197b, Foster 1976, and Greene 1977). Their widespread distribution in 
outcrop or recharge areas suggested that the major component o f  nitrate input to ground­
water systems was derived from diffuse, as distinct from point, sources.
Foster and Crease (1 9 7 4 )  postulated a relationship between rising nitrate concentra­
tions and changes in agricultural practice, particularly the increasingly regular cropping o f  
cereals sustained by greatly increased use o f  inorganic nitrogenous fertilizers. They also 
expressed serious apprehension over long-term trends found in groundwater sources, because 
the possibility o f  verv slow movement o f  pollutants down through the unsaturated zone 
to the water table o f  certain aquifers (especially the Chalk) implied that the full effect o f  
the major changes in arable agriculture during the period 1950-65 might not be perceived 
tor many years thereafter. Young, Oakes and Wilkinson (1976)  confirmed the presence o f  
major accumulations o f  nitrate in the Chalk unsaturated zone and suggested that the major 
increases in arable acreage, associated with the ploughing o f  long-standing grassland during 
the 1939-1945 war. was another significant factor in the increased leaching o f  nitrate 
trom agricultural land in certain parts o f  the Chalk outcrop area.
The increasing nitrate concentrations in groundwater arc o f  concern to public water- 
supply authorities because o f  an established risk to the health o f  intants (Comley 1945)  
and older children (Fetakhov & Ivanov 1970) and o f  its possible role in the etiology o f  
gastric cancer (Tannebaum ct al. 1977). Over 30% o f  public water-supplies in Britain are 
derived from groundwater, the proportion being in excess o f  80% in parts ot south-eastern 
Kngland. In 1973. the Anglian Water Authority, for example, inherited a situation in which 
50 groundwater sources, representing a total supply o f  about 160 Ml/d, already had recorded 
NO3 - N  concentrations in excess o f  1 1.3 mg/1 (Greene 1977).
Institute ol'Oeologieal Sciences (ilydrogeolopy U nit). London 
\)ater Research Centre (R esources t>ivision). Mcdinenham
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Scope anti status o f  British rescarcii
Growing awareness o f  the groundwater nitrate problem in the 1970s led to the com ­
missioning o f  two major national programmes o f  hydrogeological research -  one at the 
Water Research Centre (WRC) and the other at the Institute o f  Geological Sciences fICiS) -  
to establish in detail the effects o f  agricultural land-use on groundwater quality ; the Central 
Water Planning Unit o f  the Department o f  the Environment co-ordinated the work.
The objectives o f  the programmes are:
(a) To determine the extent o f  nitrate pollution in the principal aquifers, primarily in their
unsaturated zones:
(b) To evaluate the mechanisms and rates o f  movement o f  potential groundwater pollu­
tants, derived from the land surface, through the unsaturated zone:
(c) To estimate future trends in nitrate concentrations.
Dedication o f  a substantial proportion o f  the total research effort on the unsaturated 
zone was justified because o f  its critical importance fas a consequence o f  the relatively high 
porosity and specific retention o f  the principal British aquifers) in the estimation o f  future 
trends and the almost complete lack o f  published work on unsaturated zone groundwater 
chemistry.
The WRC and IGS research, beginning late in 1974 and 1975 respectively, involves 
extensive borehole drilling programmes. The former primarily comprises drilling and samp­
ling, on a nationwide basis (figure I ), at selected sites (such as experimental farms) with 
detailed historical landusc and fertilizer application records. The latter involves detailed 
drilling, sampling and monitoring o f  small groundwater catchments to public water-supply 
sources already displaying a substantial nitrate problem: two such catchments have been 
investigated to date (figure 1 ).
As both programmes are still in progress, the interpretation o f  results presented here is, 
to some degree, interim. An essential part o f  the research programmes was redrilling o f  the 
unsaturated zone at selected sites after a hydrologically significant period, say four or five 
water years. To date, investigation has also been limited almost entirely to the outcrop or 
recharge areas, that is the unconfined aquifers; no systematic study has yet been made o f  
the fate o f  nitrate migrating down-dip into confined aquifers.
IN V E ST IG A T IO N S O F  C H A L K  A Q U IF E R  A N D  TH EIR  R E S U L T S  
Chalk aquifer
The Chalk is the most important British aquifer. Geologically, it comprises a uniform 
sequence o f  very fine-grained, pure white limestones composed predominantly o f  the 
remains o f  planktonic organisms with variable, often scant, calcite cementation (Hancock 
1975). Hydrogeologically, the formation has very low interstitial permeability (generally 
less than 10'  ^ m/d), despite modérate-to-high porosity (mainly in the range 0 .2 0 - 0 .4 0 ,  
according to region and horizon), because o f  its exceedingly small pore diameters (Price, 
Bird & Foster 1976). Borehole water supplies thus depend upon joints and fissures: these 
are generally well-developed beneath the outcrop area (Foster & Milton 1974, Owen & 
Robinson 1978), where individual borehole yields o f  more than 2 0  1/s tor 5 m drawdown  
are commonplace. The outcrop area represents the principal recharge zone for groundwater 
resources and also forms extensive tracts o f  rich agricultural land.
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Continuous sampling o f  the Chalk with minimal chemical contamination has been 
achieved to depths o f  about 70 m. Samples from mechanically-excavated trenches and 
from continuous flight augers ( 1 0 0  mm diameter) were cut during preliminary investigation 
at some sites, but the majority o f  samples were obtained by dry percussive drilling with a 
drive core barrel (0 .45 m long, 101 mm diameter). In order to obtain satisfactory samples 
from the harder, more cemented chalks o f  north-eastern Hngland, air-llush rotary drilling 
with a lined (triple) core barrel is required at depths greater than 1 5 - 2 5  m. All samples were 
carefully handled and stored to eliminate or minimize pore water contamination or evapor­
ation (Gray et al. 1977, Foster era/. 1977) prior to  centrifuge extraction o f  their interstitial 
water (Edmunds & Bath 1976).
The pore water samples (generally o f  1 0 - 3 0  ml) thus extracted were analysed for 
nitrate and other nitrogen species by standard methods adapted for small volumes on the 
autoanalyser. In some cases, other anions together with the suite o f  major cations were 
determined, the latter on a spectrophotometer. Determination o f  the tritium content o f  
the interstitial water involved its extraction from cores by distillation to complete dryness, 
electrolytic enrichment, conversion to ethane and measurement in a scintillation counter  
(Allen et al. 1966). Measurements o f  some physical properties and limited biochemical 
studies on core material were undertaken. For the research catchments, various devices for 
monitoring and sampling soil drainage and mobile groundwater have been installed.
Unsaturated zone
In more than 60  boreholes, the vertical profiles o f  nitrate concentration in the inter­
stitial water from the Chalk unsalurated zone have been shown to be closely related to 
the history o f  agricultural practice on the overlying land. Lateral variation in the overall 
shape of nitrate profiles, that is between boreholes drilled in the same year within the 
same field, is considered to be relatively slight, although in detail there is likely to be sub­
stantial variability (figure 2 ).
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Concentrations o f  NO 3 —N in excess o f  11.3 mg/1, either continuously or inter­
mittently, have been measured in the pore water profiles from beneath all the arable and 
arable/grass-ley sites that have been investigated. At many sites, the NO 3 - N  concentrations 
have exceeded 2 2 . 6  mg /1 at numerous depths and individual values well in excess o f  50 mg/1 
have been frequently encountered. The profiles beneath sites, subject to long-term, essen- 
tially-continuous arable farming, normally appear to be relatively smooth with nitrate 
concentrations decreasing with depth (figures 2(6), 3(a)), but those at which arable hus­
bandry has been frequently interrupted by grass-leys are more sinuous (figure 3 (c)); in 
some cases, low concentrations may be reached at depth within the unsaturated zone  
though, in others, relatively high concentrations continue to the water-table. Carbohydrates 
have been detected at depths o f  up to 55 m at concentrations o f  about 0.1 mg/kg dry chalk 
(Young & Hall 1977) and this may imply a potential for microbial reduction o f  nitrate. 
However, bacteriological studies on the West Norfolk Chalk could not detect the presence 
of any denitrifying genera at depths below 2 m (Foster e t al. 1977); until more positive 
evidence has been gathered, the conservative assumption must be made in profile interpre­
tation that no reduction o f  nitrate is occurring, or will occur, at depth in the unsaturated 
zone.
In sharp contrast to arable sites, pore water profiles from beneath areas o f  permanent 
unfertilized vegetation, such as rough grassland, downland and woodland, have been found  
to be characterized by N O 3 —N concentrations mainly below 5 mg/1, and frequently below  
1 mg/1 (figure 3(d). Long-term fertilized grassland has been found to be underlain by pore 
waters with 5 - 1 0  mg/I o f  N O 3 nitrogen (figure 3(d)), except where abnormal amounts of  
inorganic nitrogen fertilizer (over 500  kg nitrogen per hectare each year) have been applied 
or where fields have been used temporarily for the storage o f  manures or as intensive stock- 
pens.
In West Norfolk, high sulphate and moderate chloride concentrations (over 100 and 
50 mg/1, respectively) have been widely encountered in the interstitial water o f  the Chalk 
unsaturated zone beneath long-standing arable fields (figure 4), and this is believed to be 
the norm. It is interesting to note that SO4 or NO3 (rather than HCO3 ) was found to be 
the major anion at depths from 1 to 1 0  m, calcium being overwhelmingly the dominant 
cation. In contrast, SO4 and Cl concentrations beneath unfertilized grassland at inland 
sites were typically in the range o f  2 0 - 5 0  and 1 5 - 4 0  mg/1, respectively, and compatible 
with the known input from rainfall. Sulphate and chloride are not nutrients, but, to a 
degree, may be taken-up by plants. However, they are normally added in substantial quan­
tities to agricultural soils in combination with the principal nutrient elements (N, P and 
K). The amounts o f  sulphate have decreased significantly during the present decade as a 
result o f  changes in fertilizer chemistry and is probably the cause o f  the peak SO4 con­
centrations in West Norfolk Chalk pore water profiles almost always occurring about 3 —7 
m below those for nitrate.
The practical relevance o f  tritium (  ^H) as a natural tracer in groundwater studies in 
the Chalk unsaturated zone was first demonstrated by Smith e t al. (1970)  who determined 
its distribution at a site in Berkshire in 1969 (figure 5). The existence o f  a clearly-defined 
peak at a depth o f  around 4 m was interpreted as indicating that about 85% o f  the infiltra­
tion was moving downwards by interstitial piston flow at the surprisingly slow rate o f  
about 0.8 m/a since, after allowing for radioactive decay, the  ^H values observed in the 
peak (about 600  TU) could only have originated from rainfall during the springs o f  1963 
and 1964. Similar  ^H profiles, with a single pronounced peak (always o f  more than 200  
TU) at depths between 5 and 14 m, have been found at a// sites on the Middle/Upper Chalk 
(with sufficiently thick unsaturated zones) so investigated during 1975-77 in the course o f  
the current research programmes. The peak concentrations and the depths to the peaks 
(see figure 5 and table 1 ) are broadly consistent with expectation, after allowing for radio­
active decay and considering the average local infiltration rate. However, instances o f  
significant differences in  ^H profiles from adjacent ^ites at comparable times are also known.
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Norfolk.
Moreover, careful study o f  individual profiles reveals that a confident evaluation o f  the 
mass  ^11 balance is not always possible for a variety o f  reasons, and suggests that reliable 
interpretation will have to await the collection o f  a number o f  time sequences o f   ^H pro­
files for selected sites (Foster & Smith-Carington 1980). Available data, for sites on the 
Hampshire and Dorset Chalk, confirm that the tritium peak is moving slowly downwards  
though, at the Dorset site, there is some doubt as to the proportion o f  the total tritium 
input involved in the slow com ponent o f  movement. This is a critical question .
The mechanism by which water and solutes move downward through the Chalk unsat­
urated zone also remains a subject o f  uncertainty and controversy. The exceedingly small 
pore diameters (mainly less than 1 um ) mean that gravity drainage is almost entirely inhibi­
ted and that, even w ith in  th e  iinsa tura ted  zo n e ,  most o f  the Chalk matrix remains very 
close to saturation (Price, Bird & Foster 1976). In view o f  the observed frequent vertical 
jointing, Foster (1 9 7 5 )  postulated that relatively rapid infiltration and groundwater flow in 
unsaturated zones may occur with  ^H (and other solutes) diffusing between the mobile  
‘fissure’ water and the almost-static pore water. This general concept has been extended  
by Young, Oakes & Wilkinson (1 9 7 6 )  and Oakes (19 7 7 )  who demonstrated that such a 
mechanism could, under certain conditions, produce a similar vertical distribution o f  solutes 
to interstitial piston flow. The detailed picture is likely to be complex and to involve com­
binations o f  mechanisms. Obviously the ultimate aim must be to produce a satisfactory 
mathematical modol o f  unsaturated zone solute transport, starting with tritium and exten­
ding to include nitrate and other constituents o f  interest. If this were possible, it would 
generate, by way o f  calibration, an evaluation o f  the rates o f  leaching o f  nitrate from 
permeable agricultural land with various husbandries and, given assumptions as to future 
climate and cropping practice, a prediction o f  future nitrate concentrations reaching the 
water-table. Modelling o f  the sites on the Hampshire Chalk (Young, Oakes & Wilkinson 
(1976)) has provided satisfactory simulation o f  unsaturated zone profiles o f  nitrate, chloride 
and tritium. Simulations have been achieved o f  some other Chalk sites but these require 
modifications to the model. The model assumes that a high proportion o f  the solutes are 
transported via the slow component o f  flow and that no nitrate reduction occurs. Prelimin­
ary investigation o f  the presence o f  nitrogen-transforming bacteria in Chalk indicates that 
denitrification is slight and restricted to the upper few metres o f  rock.
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Table 1. Depths below ground level to peak tritium concentrations in the (Zhalk
long-term average
location no. of boreholes
sampling
date
depth to peak 
(m)
effective rainfall 
(mm) assuming 7 
root constant
Cambridgcshiie I 1976 5 130
West Norfolk 5 1976/77 9 - 1 2 160
Isle of Thanct 1 1975 1 5 200
Oxfordshire 1 1975 1 5 210
Suncy 2 1975/77 8 - 1 1 240
Hampshire 1 1975 8 - 1 1 315
Sussex 1 1977 12.5 330
Saturated zone
In the research catchment on the West Norfolk Chalk, three cored boreholes were 
drilled to about 50 m below the water-table to facilitate chemical and isotopic analyses 
of interstitial water and thus establish the extent to which storage and/or reduction o f  
nitrate might delay or attenuate the migration o f  high concentrations reaching the saturated 
zone. Some risk o f  contamination o f  pore water samples from depth with mobile ground­
water in overlying major flow zone existed, but it is believed that the effect was minimized 
by the core drilling and handling procedures employed.
The distinctive features o f  the profiles obtained (figure 6 ) are:
(a) Variable and often high concentrations o f  all constituents in the upper part ot the 
zone o f  seasonal water-table fluctuation, where downward moving solutes must come 
into intennittent contact with horizontal groundwater flows;
(b) Relatively high N O 3 —N concentrations ( 8 —15 mg/1) through a considerable thickness 
o f  the pennanently saturated zone, suggesting that inputs trom the land surface in
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long-standing entirely arable areas must have contained similar mean concentrations 
over fairly long periods;
(c) Decrease o f  the N O 3 - N  concentrations to low or very low levels below the Plenus 
Marl, because o f  the absence o f  significant groundwater circulation at this depth and/or 
of dénitrification.
(Similar distributions o f  nitrate in the saturated zone have been measured in the Chalk 
in Sussex and on the Isle o f  Thanet, but at one site in Surrey nitrate concentrations 
were reduced to low levels at about 2 0  m below the water table).
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Figure 6. Chemical and isotopic profiles o f saturated zone interstitial waters from individual boreholes in West Norfolk 
Chalk.
By way o f  comparison, careful and regular sampling from observation boreholes o f  
different depths in the West Norfolk catchment have shown the deeper o f  the major ground­
water flows to contain 11 — 13 mg/l o f  N O 3 -N . Following heavy infiltration in February 
1977, the zone o f  water table fluctuation filled with groundwater containing 17—21 mg/l o f  
NO3-N, although it is extremely unlikely that the actual infiltration from the soil had 
anything like this level o f  nitrate. An adjacent water-supply borehole, normally producing 
groundwater with 12—15 mg/l o f  NO3 —N, peaked to 17 mg/l in February 1977. The levels 
of other chemical constituents in this borehole are: SO4 , 3 5 —50 mg/l; Cl, 3 0 - 4 0  mg/l; 
Ca, 1 0 5 -1 3 5  mg/l.
Other aquifers
Triassic Sandstone
The Triassic Sandstone, which outcrops mainly in central and northern England 
(figure 1), is composed o f  consolidated, red, in part pebbly, sandstones o f  continental 
deposition. Extensive areas o f  the outcrop are mantled by glacial deposits; where this 
cover is absent, weathering to depths o f  10 m or more is common. As dry percussive 
coring was generally impractical because o f  the formation lithologies, continuous flight 
aogering was employed for shallow exploratory boreholes, and air-flush rotary core 
drilling for deeper boreholes. The handling, storage and pore water extraction techniques
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were similar to those used with Chalk cores, but the majority o f  samples were deep-frozen 
to prevent drainage.
The general relationship between land use and pore water nitrate profiles observed 
at Chalk sites is repeated in the Triassic Sandstone: NO3 - N  concentrations in the range 
1 0 -5 0  mg/l are characteristic o f  arable land (figure 3(d)), while levels o f  1 0 - 2 0  mg/l 
and less than 5 mg/l have been measured beneath fertilized and unfertilized grassland, 
respectively. The high degree o f  vertical anisotropy, resulting from the sedimentary charac­
ter o f  the sandstones, was found to be reflected in the form o f  the interstitial water pro­
files. Lateral variability in the Sandstones, when compared to the Chalk, was responsible 
for the lack o f  close correspondence in shape o f  adjacent profiles from individual arable 
sites. Determination o f  reliable  ^H pore water profiles in the unsaturated zone has been 
restricted by the low moisture content o f  the rock and the difficulty o f  obtaining satis­
factory cores without the use o f  a drilling fluid; those that have been determined (Brereton 
& Wilkinson 1977) have shown irregular forms, with maxima in the range 2 0 0 - 3 0 0  TU  
at depths o f  around 20 m. This suggests a more rapid (and possibly less uniform) rate o f  
downward movement than in the Chalk.
Cored boreholes to depths o f  150 and 200 m were drilled in a Staffordshire valley, 
close to boreholes producing groundwater having NO 3 - N  levels o f  7 - 8  and 3 - 4  mg/l. 
The saturated zone profile from the former site (figure 7(a)) showed high N O 3 -N  con­
centrations between 4 0 - 9 0  m depth, while concentrations o f  6 —10 mg/l were measured 
at the latter site (figure 7 (6))  to a depth o f  about 60 m. Lithological examination o f  the 
cores from both sites showed that the higher concentrations were confined to the Bunter 
Pepple Beds and geophysical borehole logging revealed that the main groundwater flows 
occur within this part o f  the Triassic sequence. Tritium determinations showed the ground­
water moving through the Bunter Pepple Beds, at both sites, to be significantly younger 
than that in the underlying Lower Mottled Sandstone, suggesting the nitrate to be o f  
relatively recent origin. A survey o f  land use in the groundwater catchments contributing 
to each pumped borehole showed a greater proportion o f  arable cropping in the catchment 
of the source producing the higher nitrate concentration groundwater.
Jurassic L im esto n e
Research is being undertaken on a groundwater catchment in the Lincolnshire Lime­
stone, the land use o f  which has been about 90% arable since the 1930s or even earlier. 
The presence o f  some massive cementstones and numerous marl bands within the Limestone
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56
sequence causes many perched water-tables and significant lateral groundwater movement, 
above the regional water-table, following major infiltration. This invalidates an analytical 
approach to the vertical profiles o f  interstitial water chemistry, though most o f  the more 
porous lithologies througliout the formation were found to have high or very high pore 
water nitrate concentrations.
The formation and its permanently saturated zone rarely exceed 30  m and 10 m 
thickness, respectively; in consequence, the aquifer has very low storage, both in respect 
of total and mobile water content. It is thus probable that the overall groundwater system  
more nearly approaches equilibrium with current arable farming practice than do other  
groundwater systems. It is therefore o f  considerable interest that the groundwater pro­
duced by the water-supply borehole tapping the catchment exhibits marked seasonal 
fluctuation in the concentration o f  nitrate and other constituents; NO3 - N  and SO4 peaking 
at about 2 2  mg/l and 150 mg/l and falling during the groundwater recession to 1 2 - 1 6  mg/l 
and 1 1 0 - 1 3 0  mg/l, respectively.
CONCLU D IN  a  R E M A R K S
Prior to the 1970s, hydrogeological factors were often ignored in groundwater quality 
investigations, especially when such investigations were limited to pumped sampling. In 
particular, no study o f  physical and chemical processes in the unsaturated zones o f  aquifers 
had been attempted.
The current British research programmes have produced a substantial and possibly 
unique body o f  data on the unsaturated zone, especially o f  the Chalk. They are bringing 
about a realization o f  the great influence o f  agricultural practice on groundwater chemistry 
and o f  the extent o f  the build-up o f  nitrate and other solutes beneath arable farmland.
If the physico-chemical behaviour o f  these solutes is similar to that o f  tritium, the 
rates o f  leaching from arable fields appear to have increased substantially since 1 9 6 3 -6 4 .  
In West Norfolk, for example, the Chalk pore waters above the  ^H peak at 10 m depth 
are estimated to contain the following concentrations o f  SO4 and Cl: 6 0 0 —1000 kg/ha, 
2 0 0 0 -4 5 0 0  kg per hectare and 1000—240 0  kg per hectare corresponding to average losses 
of at least 4 0 - 7 0  kg (nitrogen) per hectare per year, 1 5 0 - 3 5 0  kg (sulphate) per hectare per 
year and 7 0 - 1 8 0  kg (chloride) per hectare per year. The sinuous pore water nitrate profiles 
beneath arable/grass-Iey sites suggest that significant quantities o f  nitrate are released and 
lost after ploughing-in grass.
The first attempts at using mathematical modelling techniques to simulate the move­
ment o f  nitrate through the unsaturated zone o f  the Chalk have been encouraging. While 
it is recognized that confident prediction o f  movement o f  solute under all conditions is 
dependent on a more detailed knowledge o f  the mechanism o f  unsaturated flow solute 
transport, it is hoped that the current research programmes will go a long way to resolving 
the outstanding problems. Time-dependent changes, however, can only be established by 
redrilling and resampling at selected sites after elapse o f  a suitable period.
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Ik  The r e s u l t s  o f  th e  in v e s tig a tio n s* * ”  ^
referred to  in  parag raph  17 o f  P aper  ^ p e r ta in  
primarily to  th e  o p e ra tio n  o f  th e  t i d a l  b a r r i e r  
rather than i t s  d e s ig n , b u t th e y  may a l s o  have 
some im plica tions fo r  c o n s t r u c t io n .  ( D e ta i ls  o f  
the location  and c o n s t ru c t io n  o f  th e  b o re h o le s  
used for the i n v e s t i j a t i o n s  in  Woolwich Reach 
are given in  F ig .7 and T ab le  1 . )
15. Along Woolwich Reach t id a l ly - in d u c e d  f l u c ­
tuations in p o re -v a te r  p re s s u re  a r e  obse rved  
over su b s tan tia l d is ta n c e s  from  th e  r i v e r  in  th e  
more permeable fo rm a tio n s : th e  F lood P la in
T e rra c e  G ravel and th e  Chalk (F ig s  8 and 9 ) .
The Thanet Sand whose p e rm e a b il i ty  is  1-2 o rd e rs  
o f  m agnitude lo w er, p a r t i a l l y  c o n f in e s  th e  Chalk 
groundw ater on th e  n o r th e rn  bank and p robab ly  
on ly  e x h ib i ts  t i d a l  f lu c tu a t io n s  in  p o re -w a te r  
p re s s u re  c lo s e  t o  th e  r i v e r  bank and to  i t s  con ­
t a c t s  w ith  th e  more perm eable fo rm a tio n s  both  
above and below ( F ig .5 o f  Paper L) .
16 . The tra n s m is s io n  o f  d iu r n a l  changes in  head 
in  a t i d a l  r i v e r  to  a d ja c e n t g roundw ater system s 
i s  a fu n c tio n  o f  two e s s e n t i a l l y  d i s t i n c t  p ro ­
c e s s e s :  t r a n s f e r  th ro u g h  th e  r i v e r  bed and r i v e r  
bank to  th e  groundw ater system  and p ro p a g a tio n  
away from th e  r i v e r ,  l a t e r a l l y  th rough  th e  
groundw ater system .
17. In th e  id e a l  ca se  o f  p e r f e c t  h y d ra u lic  com­
m u n ica tio n  between a t i d a l  r i v e r  and any p e r ­
meable s t r a t a  in to  which i t  has c h a n n e l le d , th e  
t i d a l  r a t i o  (TR*) b en ea th  th e  r i v e r  bed would be
1 .0 0 ; bu t th e  p rese n ce  o f  any lo w -p e rm e a b il i ty ,
co m p re ss ib le  d e p o s it  in  th e  r i v e r  bed would tend  
to  reduce t h i s  r a t i o  s u b s t a n t i a l l y .  The o b s e r ­
v a t io n  o f  c o n s id e ra b le  damping (TR = 0 .3 9 ) and 
m easurab le  t im e - la g  (3 -1 0  m ins) in  th e  resp o n se  
o f  p iezo m ete r 2UB ( F ig .8 ) ,  which i s  se a le d  
th ro u g h  th e  r iv e r  bed in to  th e  Flood P la in  T e r­
ra c e  G ravel o f  2L m o f fs h o re  from th e  so u th e rn  
bank o f  th e  r i v e r ,  i s  an i l l u s t r a t i o n  o f  th e  con­
s id e ra b le  ' im pedance' o f  th e  r i v e r  bed d e p o s i ts .
18 . P ro p ag a tio n  away from th e  r i v e r  w i l l  be a 
fu n c tio n  o f  th e  h y d ra u lic  p r o p e r t ie s  o f  th e
groundw ater system  and o f  any c o n f in in g
s t r a ta .^ »  The o b se rv a tio n  o f  a s iz e a b le  t i d a l  
f lu c tu a t io n  (TR = 0 .1 1 ) in  o b s e rv a tio n  b o reh o le  
W7 ( F ig .8 ) ,  110 m from th e  so u th e rn  bank o f  th e  
Thames, i s  a r e f l e c t io n  o f  th e  h igh p e rm e a b il i ty  
c o e f f i c i e n t  and low s p e c i f ic  s to ra g e  o f  th e  con ­
fin ed  groundw ater system  in  th e  Flood P la in  
T e rra c e  G ra v e l.
* The r a t i o  between th e  resp o n se  o f  th e  ground­
w ater system  and th e  c o rre sp o n d in g  d iu rn a l  
change o f  t i d a l  head in  th e  r i v e r .
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A rea  w ith  m id-tidal g ro u n d w a te r  
levels in Flood Plain T e rrace  
G ravel significantly  h ig h er th an  
m ean riv e r-lev e l
A rea w h e re  Flood Plain T e rrace  
G ravel and C halk  g ro u n d w a te r  
system s a re  in d irec t hyd rau lic  
co m m unication  w ith  
g ro u n d w a te r  levels a t (o r a 
little  below ) m ean riv e r-lev e l
A rea w h e re  C halk  is overla in  by 
(lo w e r p e rm eab ility ) T e r t ia r y  
s tra ta  and C halk  g ro u n d w a te r  
levels a rc  significantly  b e lo w  O D
Thames F lo o d  P la in  i n  W o o lw ic h  R e a c h  -  g e n e r a l  l o c a t i o n  map w i th  g r o u n d w a te r  c o n d i t i o n s
d i s c u s s i o n  o n  p a p e r s  4 AND  5
Table 1 .  Summary o f  c o n s t r u c t i o n ,  l o c a t i o n  and t i d a l  response  o f  o b s e r v a t io n  
boreho les  and p ie z o m e te r s
Bor
No.
eho le
T ype/
G eo lo g ic a l
fo rm atio n *
D is ta
r i v e r
w a ll
nee from 
edge o f  
d redged 
channel
TR** Time la g  
low 
t i d e
m ins)** a t  
h igh 
t i d e
North Bank
wU 0 FPTG 60 250 0.17 c 80 10
W5 0 FPTG 660 880 0 .08 c l3 0 c l 20
W12A 0 FPTG \ 12 260 r  0 .1 9 70 5W12B 0 sCK j I  0 .15 c l3 0 c 60
W13 0 FPTG I45 290 0 .15 c 90 20
I48 P sCk 110 360 0 .1 3 ? 1*5
52A P sCk ] 10 9 7 n /  0 .1 8 Clio 20
52c P dCk J C IV t  0 .0 9 c l 60 clOO
South Bank
W7 0 FPTG 110 300 0 .11 30 c l  30
W8 0 FPTG 650 81*0 0 .01 c 80 clOO
Wll 0 FPTG 75 250 0 .25 c 50 25
WlliA 0 f p t g ] Q f o . 2 5 25 10
WlliB 0 sCk j 7 t  0 .2 6 20 5
WI5 0 FPTG 52 170 0.21 30 20
2ÜB P FPTG -21* 95 0 .3 9 10 3
30 P FPTG 165 285 O. l l* 1*0 30
53 P sCk 16 80 0.1*9 15 10
3^ P FPTG 5U 120 0.1*2 25 10
/  0 O b serv a tio n  b o re h o le  c o m p le tio n ; P p ie zo m e te r com ple tion
* FPTG F lood P la in  T e rra c e  G ra v e l; sCk(dCk) sh a llo w  (deep) Chalk
d a ta  ap p ly  to  a  s in g le  m oderate s p r in g  t i d e  in  1972; some v a r ia t io n s  have 
been ob se rv ed  w ith  f o r t n i g h t l y  t i d a l  c y c le  and w ith  season
19. In ana lysing  th e  T R 'd a ta  f o r  Woolwich R each, 
it vas considered p e r t i n e n t  t o  e x p re s s  d is t a n c e s  
of observation b o reh o le s  and p ie z o m e te rs  from
the nearer edge o f th e  main d redged  ch a n n e l (o r 
dredged anchorage) eund n o t from th e  r i v e r  
frontage. The d a ta  a re  th e n  s u f f i c i e n t l y  o rd e re d  
(Fig.10) to  perm it c o n f id e n t u se  o f  th e  a n a l y t i ­
cal theory® fo r p r e d ic t iv e  p u rp o se s . The f a c t  
that the log T R -d istance d a ta  can be e x t r a p o l ­
ated to the o r ig in  su g g e s ts  t h a t  th e  'im p ed an ce ' 
to the tra n s fe r  o f t i d a l  f lu c t u a t io n s  f r a n  th e  
river to  the groundw ater system  i s  more o r  l e s s  
zero in areas which a re  r e g u la r ly  d red g e d .
20. I t  was thus concluded  t h a t  when th e  r i v e r  
bed sediments were removed from th e  fo re s h o re  
areas (by dredging o f  d iv e r s io n  c h a n n e ls  o r  ex ca­
vation for p ie r  fo u n d a tio n s ,  f o r  exam ple) th e r e  
vould be s u b s ta n tia l  in c re a s e s  in  th e  m agnitude
of the groundwater t i d e s  t r a n s m i t te d  th ro u g h  th e  
Flood Plain T errace  G ravel and th e  C ha lk . T h is  
vas, in f a c t ,  confirm ed t o  be th e  c a s e  d u r in g  
bbe in i t ia l  d iv e rs io n  d re d g in g , w hich s t a r t e d  in  
September 197H and d iv e r te d  th e  main n a v ig a tio n  
channel about 100 m to  th e  n o r th  by rem oving th e  
river bed sedim ents from th e  F lood  P la in  T e rra c e  
Gravel. The in c re a s e s  in  th e  TR o b se rv ed  in  th e  
gravel s t r a ta  on th e  n o r th e rn  bank d u r in g  th e  
succeeding months a re  in d ic a te d  in  T ab le  2 ,  and 
compared with those  p r e d ic te d .
] '  A sim ilar phenomenon a f f e c t in g  a more e x te n ­
sive area on th e  so u th e rn  bank i s  ex p e c ted  t o  
occur following th e  p lanned  d iv e r s io n  o f  th e  
°sin navigation channel t o  th e  s o u th ,  so  as t o
p ass  between th e  p ie r s  c u r r e n t ly  under c o n s tru c ­
t i o n .  The s id e - e f f e c t s  o f  th e  t r a n s i e n t  i n ­
c re a s e s  in  p o re -w a te r  p re s s u re  d u rin g  h ig h  t i d e s  
cou ld  in c lu d e :
(a )  in c re a s e d  peak flow  to  th e  d ra in s  p r o te c t in g  
n o n -w a te rp ro o fed  b u r ie d  s t r u c tu r e s
(b ) in c re a se d  maximum h y d r o s ta t ic  u p l i f t  on 
tan k ed  s u b -su rfa c e  s t r u c tu r e s
(c )  d e c re a se d  o v e r a l l  s t a b i l i t y  o f  th e  r i v e r  
embankment and th e  f lo o d  p la in  c o v e r.
A lthough no m ajor problem s appear l i k e l y  t o  
d ev e lo p , i t  would be p ruden t t o  keep th e  ground­
w a te r  s i t u a t i o n  under c o n tin u o u s  o b s e rv a tio n .
22. The v a lu e s  fo r  p e rm e a b il i ty  c o e f f i c ie n t  o f  
th e  Chalk g iven  in  th e  Paper (p a rag rap h  57) 
c o u ld , from h y d ro -g e o lo g ic a l know ledge, be e a s i l y  
exceeded l o c a l l y  by one o rd e r  o f  m agnitude o r 
more. In  s t r a t a  such a s  C halk , r i s i n g  and 
f a l l i n g  head t e s t s  in  s in g le  b o re h o le s  a r e  p rone 
t o  g iv e  u n r e l i a b le  r e s u l t s .  Have th e  e x p e r ie n c e s  
to  d a te  from th e  o p e ra tio n  o f  w e llp o in ts  in  th e  
Chalk f o r  r e l i e f  o f  u p l i f t  p re s s u re s  on th e  
co fferdam s a t  p ie r s  8 and 9 borne ou t th e  quoted 
p e rm e a b il i ty  v a lu es?
2 3 . The b a s a l  T hanet Sands w i l l  be s u b je c t  t o  
la r g e  t id a l ly - in d u c e d  f lu c tu a t io n s  in  p o re -w a te r  
p re s s u re  from th e  u n d e r ly in g  C halk . W ill i t  
t h e r e f o r e  be n e c e s sa ry  to  r e l i e v e  p r e s s u r e ,  by 
pumping from w e llp o in ts  in  th e  Chalk around th e  
s i t e s  o f  p i e r s  1 , 2 and 3 d u r in g  th e  e x c a v a tio n  
in  th e  Thanet Sand f o r  fo rm a tio n  o f  t h e i r  foun ­
d a t io n s  and emplacement o f  th e  co fferdam s?
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Fio.8. Groundwater re sp o n se  to  d iu r n a l  t i d a l  
fluctuation along Woolwich Reach /W orth Bank)
2h .  A survey o f th e  c h e m is try  o f  g roundw aters 
along Woolwich Reach, based  on ly  on pumped sam­
ples, was a lso  u n d ertak en  by th e  I n s t i t u t e  o f  
Geological Sciences.** Such sam ples may not r e ­
flect fu lly  th e  c h e m is try  o f  th e  most a g g re s s iv e  
groundwaters p re se n t in  s i t u ,  as a r e s u l t  o f  
dilution from o th e r  in flo w  le v e l s  in to  th e  b o re -  
I'ole concerned. Most o f  th e  g roundw aters 
appeared to  have f a i r l y  h ig h  c h lo r id e  and s u l ­
phate co n c en tra tio n s  (2000-3500 and 100-750 ppm 
respectively) bu t were no t m arkedly  a c id i c .  
However, a sample from b o re h o le  W13 (on th e  n o r­
thern bank o f  th e  b a r r i e r  s i t e )  had abou t 2500 
ppm SOi,^ ~ w ith a pH o f   ^ , and le n s e s  o f  a s im i-  
1^ groundwater cou ld  be p re s e n t  e lsew h ere  
locally. The e x is te n c e  o f  g roundw ater o f  t h i s  
Tiality is  a t t r ib u te d  to  p re v io u s  d is p o s a l  o f  
industrial e f f lu e n t s  t o  th e  ground n e a r  th e  
site - th is  was a l s o  th e  c a se  a t  a s i t e  in  West 
Bromwich where s p e c ta c u la r  a t ta c k  o f  th e  co n - 
crete lin in g s  o f  a new main d ra in a g e  tu n n e l  was
reported. '  0
- 3  0
F i g . 9. Groundwater re sponse to  d iu r n a l  t i d a l  
f l u c t u a t i o n  a lo n g  Woolwich Reach (South  Bank)
2 5 .  On th e  s u b je c t  o f  c o s ts  (p a rag rap h  6 8 ) ,  
what p ro p o r tio n  o f  th e  e s t im a te d  t o t a l  c o s t  o f  
th e  s t r u c t u r e  ( a t  1972 p r ic e s )  was re p re s e n te d  
by th e  s i t e  in v e s t ig a t io n ?  How does t h i s  p ro ­
p o r tio n  compare w ith  t h a t  f o r  o th e r  m ajo r r i v e r  
and m arine e n g in e e r in g  works? Does th e  f ig u re  
quoted  in c lu d e  th e  s t a f f  c o s ts  o f  th e  c o n s u l t in g  
e n g in e e rs  f o r  s u p e rv is io n  and in t e r p r e t a t i o n  o f  
th e  s i t e  in v e s t ig a t io n ?
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rm m . '
The Thames Groundwater schem e is the first large 
scale  regional project.• to -^augrnent stream Tlow by 
groundwater. These-papers provide the earliest full 
report, from the proposal in the late 19 4 0 s  to date. This 
period has been^one of massive development of 
knowledge of the properties and behaviour of ground­
water, and of comparable developments in computer 
technology which , enabled sophisticated modelling 
techniques to be d e v ise d . . Research undertaken in 
connection with the Thames schem e has contributed to 
these developments and the conference provides an 
invaluable record of the problems encountered and the 
m eans by which they were solved. : '
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Discussion on Papers 1, 2, 3 and U
Hr S . S .D .  F o s te r  ( I n s t i t u t e  o f  G eo lo g ica l  S c i e n c e s , London)
As a research hydrologist, it is my opinion that, the evalu­
ation of chalk groundwater storage is the central issue for 
the Thames Groundwater Scheme. One should not lose sight of 
the fact that the underlying objective of the scheme (and 
other similar schemes at various stages of investigation and 
development in the catchements of the rivers Great Ouse, 
Itchen, Waveney, Dorset, Avon, and Hull) is the controlled 
exploitation of natural groundwater storage in the chalk.
But how much is understood about this storage?
Clearly Thames Water Authority have learnt a lot and some 
of the lessons have been less than favourable: paragraphs 
18 and 22 of Paper 2 are probably the most significant of 
the Proceedings. Reductions of original estimates of the 
relevant operational values for both transmissivity and 
storativlty of 70% are indicated, and coupled with a 50% 
reduction in effective aquifer thickness. This represents a 
4 fold reduction (from 910 to 225 mm) in the estimated 
average unit storage of the unconfined chalk aquifier at 
drought. This new figure of 225 mm implies that the ratio 
between the drought storage and the mean annual recharge of 
the groundwater reservoir is less than 1. How far in terms 
of rate and duration will it remain economic to develop 
storage for river regulation from a reservoir of these ch a r a c ­
teristics?
The Institute of Geological Sciences has had some o p p o r ­
tunities to conduct detailed research on chalk and during 
1974-77 published results of investigations at sites in East 
Yorkshire (ref. 1.2, 1.3), South Norfolk (ref 1.4) and raid- 
Hanç>shire (ref. 1.5). These investigations suggested that
(a) Almost all of the transmissivity is invariably 
associated with only a few fissures, and these are 
frequently sub-horizontal in disposition and impart
a substantial degree of radial uniformity in the aqui­
fier 's response to the pumping of individual wells.
(b) The rest of the Chalk has surprisingly low in situ 
permeability (normally less than 1 m/d) and some 
storage (up to 0.5%), both probably associated with 
micro-fissures and occasional larger pores in the 
rock matrix.
(c) The transmissivity and storativity will fall-off 
dramatically with decreasing groundwater l e v e l , a 
large proportion of the permeability and storage of 
the unconfined aquifier being located within the zone 
of natural seasonal water-table fluctuation.
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(d) High transmissivity appears to be due to the solution 
enlargement of fissures, which shows a general ten­
dency to increase down groundwater flowlines to a 
maximum in the areas of current groundwater discharge.
(e) Large-scale geological structure and geomorphological 
history appear to be the dominant controls on p ermea­
bility development with the influence of detailed 
stratigraphy and tectonics being relatively limited 
and localized. These results led to a personal c o n ­
cept of the type of feature most commonly responsible 
for much of the permeability and groundwater flow in 
the Chalk, Fig. 1.5.
It is relevant to introduce some detail* from the investiga­
tions on the Hampshire Chalk (ref. 1.5). These included the
use of water injection tests on packed-off sections of a
1 2 0  mm cored borehole, which had previously been pumped
clean, logged to evaluate borehole inflows and inspected by
closed-circuit television. The injection tests were carried 
out with a double inflatable packer assembly carried on 63 
mm diameter drill casing, permitting relatively high injec­
tion rates for small head losses. A pressure transducer was 
incorporated within the assembly to permit direct and accur­
ate measurement of injection pressure in the test zone. In 
all, sixteen zones were tested covering the borehole interval 
from 17-75 m bgl. In fifteen of these sixteen zones 
(including some in which borehole logging techniques 
suggested minor flow levels) only very low injection rates 
proved possible even when high injection pressures were 
applied (Fig. 1.6) indicating in situ impermeabilities in all 
cases of less than 3 m/d and in most cases less than 1 m/d.
In the remaining zone of 3.7 m in length a transmissivity of 
over 2 0 0  m^/d was computed from the injection test results 
and inspection of this zone revealed just one single, near 
horizontal, fissure. The value of 200 m^/d represents only 
a minor proportion of the total transmissivity at this site; 
the bulk of which must be located above 17 m bgl. It was 
not possible to conduct reliable water injection tests above 
this level because the borehole required support from lining 
tubes.
The revised scheme of variation of Chalk aquifier p a r a ­
meters, given in Paper 2, is likely to be much closer to 
reality than were the original values. I would question 
however
(a) The validity of the concept of effective aquifier 
thickness itself, in a formation like the Chalk in
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F ig . 1 .5  B orehole TV view  o f  a f i s s u r e  in  a 
b o re h o le  in  th e  Chalk o f  H am pshire. The sc re e n  
d ia g o n a l r e p r e s e n ts  ap p ro x im a te ly  37 mm
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Fig .  1 .6
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which the major fissures may be of very infrequent 
distribution.
(b) If gravity drainage of the micro-fissures and the 
occasional larger pores in the rock matrix, (i.e., 
the bulk of the theoretically exploitable storage) 
would be possible at levels remote from major fissures
(c) Whether, under certain circumstances in the pumped 
condition, the unconfined Chalk might not behave 
regionally as a multi-layered leaky acjuifier system, 
whose full evaluation would require measurements of 
pressure and flow within individual major fissures.
To control Chalk groundwater effectively, we must u n d e r ­
stand it. In the past we have probably tried to get by with 
insufficient basic hydrogeological research on its funda­
mental properties. There is still room for such research 
in the future. All too often in groundwater engineering, 
unjustified and unverified assumptions on aquifier stora- 
tiviity have been made, and believed because they allowed 
superficially acceptable calibration of analogue and digital 
models. Such calibration, perhaps to relatively insensitive 
parameters, has often discouraged futher investigation of 
the properties concerned (ref. 1.6).
1.2 FOSTER S.S.D. and MILTON V .A. The permeability and sto­
rage of an unconfined Chalk aquifier. International 
Association of Hydrological Sciences Bulletin, 1974, 19, 
485-500.
1.3 FOSTER S.S.D. Groundwater storage-river flow relations 
in a Chalk catchment. J. Hydro1., 1974, 23, 299-311.
1.4 FOSTER S.S.D. and ROBERTSON A.S. Evaluation of a semi­
confined Chalk aquifier in East Anglia. Proc. Instn. 
Civ. Engrs, Part 2, 1977, 63, December.
1.5 PRICE M . , ROBERTSON A.S. and FOSTER S.S.D. Chalk per­
meability - a study of vertical variation using water 
injection tests and borehole flow logging. Water 
Services, 1977, 81, 603-610.
1.6 FOSTER S.S.D Groundwater yield estimation from models. 
(Discussion). Proceedings of the Conference on E n g i n ­
eering Hydrology today. Instistution of Civil Engineers, 
1977, 128-129.
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BRITISH EXAMPLES OF A HYDROGEOLOGICAL APPROACH TO THE 
EVALUATION OF DRAINAGE PROBLEMS IN SUBSURFACE ENGINEERING
F o s t e r ,  S. S. D.* t  P r i c e ,  M.**
ABSTRACT : P r o j e c t s  Involving s ub s ur f ac e  e ng in e er i ng  have Inc reased  s t e a d i l y ,  
both In number and compl ex i t y ,  dur ing  the  p r e se n t  decade.  During s i t e  I n v e s t i ­
g a t i o n ,  f a i l u r e  t o I d e n t i f y  the p o t e n t i a l l y  d i f f i c u l t  problems t h a t  a r i s e  from 
the p r esenc e  o f  groundwater  In h i gh ly  permeable s t r a t a  can ,  and o f t e n  does ,  
lead to c o s t l y  de lay  a n d /o r  r e - d e s i g n  dur i ng  c o n s t r u c t i o n .  The hydrogeologi ca l  
approach t o the  c o l l e c t i o n  and e v a l u a t i o n  o f  groundwater  da ta  d i f f e r s ,  in both 
phi losophy  and t ec h n i q u e s ,  from t h a t  normal ly used in c i v i l  and mining e n g i ­
n e e r i n g  s i t e  I n v e s t i g a t i o n s .  The va lue  o f  such an approach i s  d i s c us se d ,  
c i t i n g  a number o f  r e c e n t  B r i t i s h  examples.
RESUME : Pendant  la decade a c t u e l l e  les  p r o j e t s  en r e l a t i o n  avec le  génie  c i ­
v i l  s o u t e r r a i n  ont  augmenté peu à peu,  a u s s i  b i en  en nombre q u ' en  compl ex i t é .  
Dans la recherche  c or re sp ond an te  du s o u s - s o l ,  l es  e r r e u r s  d ' i d e n t i f i c a t i o n  des 
d i f f i c u l t é s  p o t e n t i e l l e s  qui  d éco ul en t  de la pr ésence  d ' e a u  s o u t e r r a i n e  dans 
des fo rmat ions  de grande p e r m é a b i l i t é ,  peuvent ,  comme i l  a r r i v e  souvent ,  con­
d u i r e  â un r e t a r d  onéreux e t / o u  à des v a r i a t i o n s  du p r o j e t .  L ' a p p l i c a t i o n  de 
c oncept s  hydrogéologiques  à l ' a c q u i s i t i o n  e t  à l ' é v a l u a t i o n  de données d ' e au  
s o u t e r r a i n e ,  d i f f è r e  dans sa p h i l o s o p h i e  e t  s es  t echn i ques  de la méthodologie 
h a b i t u e l l e m e n t  u t i l i s é e  dans l es  recherches  du génie  c i v i l  e t  des mines.  On 
d i s c u t e r a  l ' u t i l i s a t i o n  de ces c on ce p ts ,  à p a r t i r  d ' exemples  b r i t a n n i q u e s  r é ­
c e n t s ,
RESUMEN : Durante la decada a c t u a l  los p royec t os  r e l a c i on ad os  con l a  Ingenle-  
r f a  s u b t e r r é n e a  han aumentado pa u l a t In am en te ,  t a n t o  en numéro como en c ompl e j l -  
dad.  En la c o r r e s p o n d i e n t e  I n v e s t Igaciôn deI s ub su el o ,  los e r r o r e s  al  I d e n t i f l -  
c ar  l as  d i f i c u l t a d e s  p o t e n c i a l e s  de r iv ad as  de la  p r e s en c l a  de agua s u b t e r r an e a  
en formaciones de al  t a  p e rme ab i l ld ad ,  puedcn o c a s i o n a r ,  y de hecho o cas îonan ,  
un r e t r a s o  oneroso  y / o  v a r i a c l o n e s  de p r oy ec t o .  La a p l i c a c l ô n  de los conceptos 
h i d r o g eo l ég i c os  a la a d q u l s i c l ô n  y ev al uac iôn  de d a t o s ,  r e l a t i v e s  al  agua sub­
t e r r a n e a ,  d i f i e r e  en su f I i o s o f f a  y sus t é c n ic as  de la  metodologfa normal mente  
u t i l l z a d a  en l as  I nv e s t i g a c l o n e s  de I ng e n le r f a  c i v i l  y miner fa .  Se d i s c u t e  el  
v a l o r  de e s t e s  c o nce pt os ,  en base  a e jemplos b r i t â n i c o s  r e c l e n t e s .
* BSc CEng MICE MlWES 
** MSc MlWES
I n s t i t u t e  o f  Geological  Sc iences  (Hydrogeology Unit )  London UK
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1. INTRODUCTION
The p resen ce  o f  g e o lo g ic a l  fo rm atio n s o f h igh  p e rm e ab ility "  a t  a s i t e  
in  which underground works a re  p lanned to  extend below th e  p iezo m etric  
s u r f a c e ,  poses s p e c ia l  e n g in e e r in g  prob lem s. These problem s r e l a t e  
b o th  to  th e  c o n s tru c t io n  phase and to  th e  permanent d e s ig n . T h e ir  
s o lu t io n  w i l l  g e n e ra lly  in v o lv e
(a )  groundw ater low ering  by a v a r ie ty  o f  pumping tec h n iq u es  ( in v o lv in g  
th e  a b s t r a c t io n  o f  la rg e  q u a n t i t ie s  o f  groundwater) to  produce 
e i t h e r  s o i l / r o c k  d ra in a g e  o r  to  reduce  h y d ro s ta t ic  u p l i f t ,
(b )  groundw ater e x c lu s io n  by c o n s tru c tio n  o f  a c u t - o f f  to  an impermeable 
s tra tu m , o r  by re d u c tio n  in  s o i l / r o c k  p e rm e a b ility , u s in g  g ro u tin g  
o r  groundw ater f re e z in g  m ethods,
o r some com bination  o f th e s e  te c h n iq u e s .
R e a l i s t ic  e v a lu a tio n  o f th e  c o s t s " " o f  th e  v a r io u s  o p tio n s  has to  be 
made to  s e l e c t  th e  most e f f e c t i v e  d e s ig n . T h is r e q u ire s  d e ta i le d  
in fo rm a tio n  on th e  o ccu rren ce  and movement o f  groundw ater a t  th e  s i t e .  
Such d a ta  a re  a ls o  v i t a l  in  th e  p lan n in g  o f c o n s tru c tio n  work. A ll 
too  o f te n  unexpected  groundw ater c o n d it io n s  a re  encoun tered  d u rin g  
th e  co u rse  o f  c o n s tru c t io n ;  t h i s  can be very  c o s t ly  when i t  occu rs 
on th e  c r i t i c a l  p a th  o f  a m ajor p r o je c t .  Even when sim ple  e m p ir ic a l 
s o lu t io n s  such a s  s h o r t- te rm  w e llp o in t d ew atering  o r a c ra sh  programme 
o f  g ro u tin g  a rc  a v a i l a b le ,  t h e i r  im plem entation  may no t be com patib le  
w ith  s i t e  c o n d it io n s  o r  p ro je c t  t im in g .
The ty p e s  o f  problem  posed by th e  p resen ce  o f h ig h ly  perm eable s t r a t a  
d i f f e r  c o n s id e ra b ly  from th o se  a s s o c ia te d  w ith  su b su rface  e n g in e e rin g  
in  s a tu r a te d  s t r a t a  o f  low p e rm e a b il ity , where d ra in ag e  o r  e x c lu s io n  
o f groundw ater i s  no t a  m ajor problem and more im p o rtan t i s s u e s  
in c lu d e  th e  assessm ent o f  s t a b i l i t y  and s e t t le m e n t.  C iv i l  and m ining 
e n g in e e r in g  s i t e  in v e s t ig a t io n  te c h n iq u e s , based  on th e  c l a s s i c a l  
th e o r ie s  o f  s o i l  and rock  m echanics, a re  w e ll developed to  h an d le  th e  
l a t t e r  ty p e s  o f  problem . The c o l le c t io n  and e v a lu a tio n  o f  ground­
w ater d a ta  in  perm eable fo rm a tio n s , however, i s  an a sp e c t o f  s i t e  
in v e s t ig a t io n  which ap p ears  to  have been r a th e r  n e g le c te d .
On th e  o th e r  hand, h y d ro g e o lo g ica l sc ie n c e  has developed r a p id ly  in  
th e  p a s t 20-30 y e a r s ,  p r im a r i ly  in  r e la t i o n  to  th e  need f o r  improved 
methods in  th e  e x p lo ra t io n ,  developm ent and management o f  groundw ater 
re s o u rc e s .  The a u th o rs  c la im  th a t  th e  ad o p tion  o f  a  h y d ro g e o lo g ica l 
approach to  e n g in e e r in g  groundw ater p roblem s, b o th  in  th e  ph ilosophy  
and th e  te c h n iq u e s  o f  in v e s t ig a t io n ,  i s  a t t r a c t i v e  from a number o f  
p o in ts  o f  v iew .
" w ith  g e n e ra l o r  lo c a l  h y d ra u lic  c o n d u c tiv ity  ex ceed in g , sa y , 20 iq/d
" " c a p i ta l  and runn ing  c o s ts  roust be d is t in g u is h e d  and the  c o s t o f  
tem porary works d u rin g  c o n s tru c tio n  in clu d ed
410
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?.  FEATURES OF THE HYDROGEOLOGICAL APPROACH
(A) PHILOSOPHY
A b a s ic  f e a tu r e  o f  th e  h y d ro g e o lo g ic a l approach to  th e  c o l l e c t io n  and 
e v a lu a tio n  o f  g roundw ater d a ta  i s  t h a t  i t  t r e a t s  th e  groundw ater a t  
th e  s i t e  o f  th e  proposed e n g in e e r in g  works no t in  i s o l a t i o n ,  b u t in  
th e  c o n te x t o f  th e  h y d ro g e o lo g ica l system  to  which i t  p e r t a in s .  To 
u n d e rs tan d  th e  groundw ater c o n d it io n s  a t  a g iven  s i t e ,  i t  i s  n e ce ssa ry  
to  a p p re c ia te  th e  m ajor c o n tr o ls  on th e  system  a s  a whole and, in  th e  
c ase  o f  perm eable s t r a t a ,  t h i s  may in v o lv e  d i r e c t  in v e s t ig a t io n  some 
k ilo m e tre s  beyond th e  l im i t  o f  th e  s i t e  i t s e l f .  T h is i s  because th e  
b o u n d a rie s  and re ch a rg e  o f  th e  groundw ater system , r a th e r  th an  i t s  
h y d ra u lic  p r o p e r t i e s ,  w i l l  be th e  dom inant f a c to r  in  d e te rm in in g  
lo n g -te rm  d ra in a g e  q u a n t i t i e s .  For exam ple, an e x cav a tio n  in  a 
h ig h ly  perm eable fo rm atio n  (K g r e a te r  th an  100 iq/d) o f  l im ite d  a re a  
(say  l e s s  th an  10 km^) would be c o n fro n te d  w ith  a  m ajor groundw ater 
problem  d u r in g  c o n s t r u c t io n ,  b u t a f t e r  la rg e  q u a n t i t ie s  o f  ground­
w ater had been d ra in e d  from s to r a g e ,  th e  subsequen t pumping r e q u ir e ­
ment would be l im i te d .
In  humid c lim a te s  th e  p iez o m e tr ic  s u r fa c e  o f  a groundw ater system  may 
show la rg e  n a tu r a l  v a r ia t i o n ,  s e a s o n a l ly ,  fo llo w in g  i n f i l t r a t i o n  o f  
r a i n f a l l .  The v a r ia t io n s  w i l l  be p a r t i c u l a r ly  pronounced in  f i s s u re d  
bedrock fo rm atio n s  c h a r a c te r i s e d  by low s p e c i f i c  y i e ld ,  such a s  th e  
B r i t i s h  C h alk , where s e a so n a l w a te r - ta b le  f lu c tu a t io n s  in  th e  o u tc ro p  
a re a s  f r e q u e n t ly  exceed 10 m and som etim es 20 ra. Man-made in f lu e n c e s  
on th e  p ie z o m e tr ic  s u r f a c e ,  such  a s  th o se  due to  th e  pumping o f 
a d ja c e n t w a te r-su p p ly  b o re h o le s , must a ls o  be tedcen in to  account 
d u rin g  s i t e  i n v e s t i g a t io n ,  e s p e c ia l ly  i f  th e se  b o re h o le s  may be sh u t­
down d u r in g  p a r t  o f  th e  y e a r ,  c a u s in g  reco v ery  o f  groundw ater l e v e l s .  
Thus i t  i s  im p o rta n t th a t  th e  c o l l e c t io n  o f  groundw ater d a ta  i s  no t 
l im ite d  to  a s in g le  o c c a s io n , and i t  i s  h ig h ly  d e s i r a b le  in  c e r t a in  
c a se s  to  c o l l e c t  d a ta  fo r  a p e rio d  o f  a t  l e a s t  one w a te r -y e a r , u s in g  
c o n tin u o u s  m o n ito rin g  equ ipm ent.
The h y d ro g e o lo g ic a l approach  to  th e  e v a lu a t io n  o f  groundw ater d a ta  
r e q u ir e s  a f u l l  u n d e rs tan d in g  o f  th e  r e la te d  groundw ater system . I t  
w i l l  th e r e f o r e  in c lu d e  an assessm ent o f  th e  e f f e c t s  on groundw ater 
re so u rc e s  o f  proposed  groundw ater d ra in a g e  a t  th e  s i t e  o f  underground 
works and o f  th e  d is p o s a l  o f  d ra in a g e  w a te rs . Such e f f e c ts  m ight 
in c lu d e
( a )  U nnecessary  lo s s  o f  v a lu a b le  g roundw ater re so u rce s  and, in  
p a r t i c u l a r ,  r e g io n a l  lo w ering  o f  th e  w a te r - ta b le  which could  
reduce  th e  y ie ld  o f  w a te r-su p p ly  b o re h o le s .
(b ) Changes in  groundw ater q u a l i t y ,  p re ju d ic in g  the  w a te r-su p p ly  
fu n c tio n  o f  th e  a q u if e r .
(B) TECHNIQUES
Tlie q u a l i ty  o f  g roundw ater d a ta  c o l le c te d  d u rin g  many c i v i l  and mining 
e n g in e e r in g  s i t e  i n v e s t ig a t io n s  i s  o f te n  p oor, commonly b e in g  reco rd ed
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from b o re h o le s  as d r i l l i n g  ad v ances. I f  d a ta  c o l l e c t io n  i s  r e s ­
t r i c t e d  to  such  m easurements th e re  i s  r i s k  o f  m is in te r p r e ta t io n  o f  
th e  groundw ater c o n d it io n s  and o f  m issin g  im p o rtan t p o in ts  o f  d e t a i l .  
H y d ro g eo lo g ica l methods would in tro d u c e  a more r ig o ro u s  approach to  
th e  c o l l e c t io n  o f  groundw ater l e v e l  d a ta ,  in v o lv in g  th e  use  o f  c a re ­
f u l ly  d esig n ed  and i n s t a l l e d  o b se rv a tio n  b o reh o le s  a n d /o r  p iezo m ete rs , 
whose w a te r  l e v e l s  would be r e g u la r ly  o r  c o n tin u o u sly  measured ov er as 
long  a p e rio d  o f  tim e as p o s s ib le .
In  a s h o r t  p ap er o f  t h i s  ty p e , no a tte m p t w i l l  be made to  d e t a i l
h y d ro g e o lo g ica l te c h n iq u e s , on which th e r e  i s  s u b s ta n t ia l  l i t e r a t u r e .  
Only th o se  a s p e c ts  where a p p lic a t io n  o f  such tech n iq u es  cou ld  be 
e s p e c ia l ly  u s e f u l  in  c i v i l  and m ining e n g in e e r in g  s i t e  in v e s t ig a t io n s  
w i l l  be i d e n t i f i e d .
S in g le  b o re h o le  te c h n iq u e s ' f o r  th e  e s t im a tio n  o f  th e  h y d ra u lic  con­
d u c t iv i ty  o f  perm eable s t r a t a  a re  norm ally  used in  c i v i l  and m ining 
e n g in e e r in g  s i t e  i n v e s t ig a t io n .  The l im i ta t io n s  o f  such t e s t s  must
be re c o g n ise d . T h e ir  r e s u l t s  may be h ig h ly  dependent on ground d i s ­
tu rb an ce  caused by th e  d r i l l i n g  p ro c ess  i t s e l f ,  and u n d e re s tim a tio n  
o f  p e rm e a b il i ty  may r e s u l t  from th e  p resen ce  o f  a  d r i l l i n g  sm ear on 
b o reh o le  w a l ls .  H y drogeo log ical method alw ays re q u ir e s  a b o reh o le  
to  be c le a n e d -o u t b e fo re  p e rm e a b ility  t e s t i n g ,  and even b e fo re  s t a t i c  
w a te r - le v e l  m easurem ent. In  th e  few in s ta n c e s  where pumping t e s t s  
w ith  o b se rv a tio n  b o re h o le s  a re  conducted  fo r  c i v i l  and m ining 
e n g in e e r in g  p u rp o se s , th e  approach i s  u n n e c e s sa r i ly  e m p ir ic a l.  The 
a p p lic a t io n  o f  n o n -e q u ilib riu m  methods o f  p u m p ing-test a n a ly s i s ,  now 
s ta n d a rd  p r a c t ic e  in  hydrogeology (Kruseman 6 de B id d er, 1970;
Lohman, 1972; W alton, 1962 ) ,  i s  more a t t r a c t i v e  and l ik e l y  to  y ie ld  
more s a t i s f a c to r y  v a lu e s  f o r  th e  fo rm atio n  h y d ra u lic  p r o p e r t i e s .  At 
th e  same tim e , th e se  methods perm it e v a lu a tio n  o f  th e  in f lu e n c e  on 
th e  groundw ater system  o f  nearby b o u n d a rie s , such a s  r i v e r s ,  which 
w i l l  g r e a t ly  modify i t s  response  to  pumping, w hether fo r  d ew atering  
o r  fo r  w a te r-su p p ly  p u rp o se s . I t  must be reco g n ised  th a t  drawdown 
in  pumping w e lls  in c lu d e s  a component o f  w e ll lo s s e s ,  which must be 
i d e n t i f i e d  d u rin g  a n a ly s i s .  In  hydrogeology g re a t  c a re  i s  p a id  to  
th e  d es ig n  o f  pumping t e s t s ,  and in  p a r t i c u l a r  to  th e  degree  o f  pene­
t r a t i o n  o f  pumping w e lls  and o b se rv a tio n  b o re h o le s ;  f a i l u r e  to  do 
t h i s  can e a s i l y  le a d  to  h ig h ly  e rro n eo u s r e s u l t s .
At e n g in e e r in g  s i t e s  on th o se  bedrock fo rm atio n s o f  sed im en tary  and 
v o lc a n ic  c h a r a c te r ,  %diich a llo w  s ig n i f i c a n t  re g io n a l  f i s s u r e  flow o f 
g roundw ater, th e  l e v e l  and th ic k n e s s  o f  th e  main f is s u re d  h o rizo n s
" r i s in g  o r  f a l l i n g  head t e s t s  and, o c c a s io n a l ly ,  w ater i n je c t i o n  t e s t s  
in  s e c t io n s  o f  b o re h o le s  i s o la te d  by packers
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w i l l  be a moot c r i t i c a l  f a c t o r .  C o n v en tio n a l p e rm e a b il ity  t e s t i n g  
io  n o t s u f f i c i e n t  to  d e te rm in e  t h i s  and , in  hydrogeo logy , su p p le ­
m entary m ethods o f  in v e s t ig a t io n  have been d eveloped , in v o lv in g  
l a b o ra to ry  t e s t i n g  o f  c o re  sam ples (L ovelock , 19?0; P r ic e ,  1977) 
and g e o p h y s ic a l b o re h o le  flow  lo g g in g  (T ate  e t  a l ,  197O, T ate  & 
R ob ertso n , 1975). I t  i s  known th a t  groundw ater in flo w s in to  b o re ­
h o le s  a re  no rm ally  a s s o c ia te d  w ith  v a r ia t io n s  o f  e l e c t r i c a l  conduc­
t i v i t y  a n d /o r  tem p e ra tu re  o f  th e  b o re h o le  f l u id  column: such v a r ia ­
t io n s  may be sm a ll ( l e s s  th an  0.05®C and 1 praho/cm) b u t a re  d e te c ta b le  
u s in g  s u f f i c i e n t l y  s e n s i t iv e  g e o p h y s ica l lo g g in g  equipm ent. The 
changes o f  tem p e ra tu re  and c o n d u c tiv ity  In a pumped b o reh o le  which 
o ccu r w ith  th e  change from s t a t i c  to  dynamic c o n d it io n s  w i l l  norm ally  
i n d ic a te  th e  main l e v e l s  o f  g roundw ater flow . The v e r t i c a l  flow  
r a te  to  th e  pump may be measured by im p e lle r  and h e a t-p u ls e  flow ­
m ete rs  ( f o r  h ig h  and low v e lo c i t i e s  r e s p e c t iv e ly ) .  A lthough the  
h y d ra u lic s  o f  b o re h o le  flow  a re  complex, th e s e  m easurem ents, when 
c a r e f u l ly  i n te r p r e t e d ,  can in d ic a te  th e  r e la t i v e  c o n tr ib u t io n s  from 
v a r io u s  l e v e l s  in  th e  b o re h o le  and th e re fo re  th e  main f i s s u r e d  
h o r iz o n s . Such methods a re  v a lu a b le  f o r  th e  in v e s t ig a t io n  o f  form a­
t io n s  where most o f  th e  f i s s u r e s  a re  s u b h o r iz o n ta l ,  b u t o f  l im ite d  
v a lu e  »djere f i s s u r e  flow i s  lo c a l is e d  in  o c c a s io n a l v e r t i c a l  j o in t s  
and f a u l t s ;  h e re  i t  i s  n e ce ssa ry  to  r e s o r t  to  su r fa c e  and betw een- 
b o reh o le  g e o j^ y s ic a l  te c h n iq u e s ,  th e  r e s u l t s  o f  which cannot be 
q u a n t i f ie d  in  h y d ra u lic  te rm s.
For complex groundw ater p rob lem s, h y d ro g e o lo g ica l d a ta  eu ia ly sis  o f te n  
in c lu d e s  com p u te rised  m ath em atica l m o d e llin g . The use  o f  such models 
may n o t be r e s t r i c t e d  to  i n te r p r e t a t i o n  bu t can a ls o  be u s e fu l  a t  th e  
in v e s t ig a t io n  s ta g e ,  in  a s s e s s in g  th e  s e n s i t i v i t y  o f  th e  problem  to  
v a r ia t io n  o f  th e  r e le v a n t  p a ra m e te rs .
3 .  BRIiy CASE HISTORIES ILLUSTRATING HYDROGEOLOGICAL APPROACH
(A) URBAN MOTORWAY TUNNEL
C u rren t aw areness o f  th e  need to  conserve  lan d  re so u rc e s  and th e  u rban 
environm ent i s  cau s in g  t r a n s p o r ta t io n  ro u te s  (highw ays, ra ilw a y s )  and 
ra ijo r  s e r v ic e s  to  go underg round . The a s s o c ia te d  e n g in e e r in g  works 
a re  f r e q u e n t ly  b e d e v i l le d  by th e  p re sen ce  o f  groundw ater in  s t r a t a  o f 
h igh  p e rm e a b i l i ty .
For exam ple, th e r e  i s  a p r o je c t  to  c o n s tru c t  a 6 - lan e  highway o f  n e a r ly  
2 km le n g th  in  a c u t-a n d -c o v e r  tu n n e l  a t  a s i t e  in  so u th -e a s te rn  
E ngland. The g e o lo g ic a l  c o n d it io n s  a lo n g  th e  l in e  o f  th e  motorway 
tu n n e l were de term ined  by s ta n d a rd  s i t e  in v e s t ig a t io n  and s o i l  su rvey  
and a re  sum m arised by a d e ta i le d  lo n g itu d in a l  s e c t io n  (F ig  1 ) . In  
t h i s  c a se  th e  s t r a t a  o f  h ig h  p e rm e a b ility  a re  th e  Upper G la c ia l  G ravel
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(DGG) and th e  C halk; th e  l a t t e r  r e p re s e n ts  th e  m ajor a q u if e r  o f  th e  
re g io n  w ith  a p ie to m e tr ic  su r fa c e  o f  about +6o m OD a t  th e  s i t e .
The i n i t i a l  s i t e  in v e s t ig a t io n  showed some in d ic a t io n s  o f  a ground­
w ater body in  th e  UGG, perched w e ll above th e  r e g io n a l  Chalk p ie z o -  
m e tr ic  s u r fa c e  by th e  in te rv e n in g  B oulder C lay . F u rth e r  e v a lu a tio n  
was n o t p o s s ib le  becau se  g roundw ater d a ta  were on ly  c o lle c te d  d u rin g  
d r i l l i n g  in  t h i s  i n i t i a l  s i t e  in v e s t ig a t io n .
“Hie a u th o r i ty  r e s p o n s ib le  f o r  th e  prom otion  o f  th e  road c o n s tru c tio n  
prograamae d ec id ed  to  seek  s p e c i a l i s t  h y d ro g e o lo g ica l a d v ic e . Supple­
m entary  s i t e  i n v e s t ig a t io n  was proposed and m ounted, u s in g  a  h ydro - 
g e o lo g ic a l  approach  to  th e  c o l l e c t io n  and e v a lu a t io n  o f  th e  ground­
w a ter d a ta .
The i n v e s t i g a t io n ,  which was c a r r i e d  o u t in  two p h a se s , had th e  
fo llo w in g  outcom e: -
( a )  The i n i t i a l  s u s p ic io n  t h a t  th e  c o n s tru c t io n  o f  a tu n n e l  would 
be c o n fro n te d  by s i g n i f i c a n t  d ra in a g e  p roblem s, due to  th e  
e x is te n c e  o f  a perched  groundw ater body in  th e  DGG, was con­
f irm e d .
(b ) G rea t d i f f i c u l t y  was l i k e l y  to  be en co u n tered  in  th e  so u th e rn  
p a r t  o f  th e  tu n n e l  because  o f  th e  combined e f f e c t  o f  th e  g r e a te r  
th ic k n e s s  and h ig h e r  p e rm e a b ility  o f  th e  DGG (F ig  l ) .  Permea­
b i l i t y  was e s tim a te d  by ( i )  l im ite d  h y d ro g e o lo g ica l pumping 
t e s t s ,  ( i i )  s in g le -b o re h o le  f a l l i n g  head t e s t s  and ( i i i )  from 
th e  g r a in - s iz e  d i s t r i b u t i o n  o f  c a r e f u l ly - c o l l e c te d  sam p les. At 
th e  so u th e rn  end o f  th e  s i t e  v a lu e s  o f  50-250 m/d a re  in d ic a te d  
f o r  th e  DOG. Maximum n a tu r a l  groundw ater le v e ls  have n o t been 
e x p e rien c e d  d u rin g  th e  p e r io d s  o f  in v e s t ig a t io n  b u t (on th e  b a s is  
o f  f lu c tu a t io n s  o b se rv ed ) th ey  have been t e n t a t i v e l y  c o r re la te d  
from o b se rv a t io n  b o re h o le s  in  th e  h y drom etric  netw ork o f  th e  
su rro u n d in g  r e g io n . For a  highway d ra in a g e  l e v e l  o f  + 6 8 .0  m 
OD, th e  a s s o c ia te d  peak d ra in a g e  req u irem en t in  th e  so u th e rn  p a r t  
o f  th e  tu n n e l  (ab o u t 700 a lo n g ) would be app ro x im ate ly  60 M l/d .
( c )  In  th e  n o r th e rn  p a r t  o f  th e  tu n n e l  (F ig  1 ) ,  th e  DGG i s  p a r t ly  
re p re s e n te d  by a fine-m edium  sand w ith  a  much low er p e rm e a b ility  
(5 -1 0  m /d ). The r e le v a n t  highway d ra in a g e  and maximum ground­
w a te r  l e v e l s  su g g e st peak d ra in a g e  req u irem en ts  o f  about 12 M l/d, 
f o r  th e  1000 m le n g th  o f  tu n n e l concerned .
(d ) Tlie d r i l l i n g  o f  e x p lo ra t io n /o b s e rv a t io n  b o re h o le s  in  th e  s u r ­
rou n d in g  a r e a ,  up to  d is ta n c e s  o f  4 km from th e  tu n n e l s i t e ,  has 
p e rm itte d  d e f in i t io n  o f  th e  e x te n s io n  o f  th e  D3G and i t s  a s s o c ia ­
te d  perched  groundw ater body (F ig  2 ) .  I t  ap p ears  to  occupy a 
seco n d ary  asym m etric c h an n e l, f lo o re d  by B oulder C lay , w ith in  a
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much l a r g e r  ch an n e l in  th e  Chalk b ed ro ck , about 4-6 km wide and 
f i l l e d  w ith  a  v a r ie ty  o f  s u p e r f i c i a l  d e p o s i ts .  The o v e r a l l  
s u r fa c e  e x te n s io n  o f  th e  DGG i s  about 14 km^, some 3 km^ o f  which 
i s  b u i l t - u p  and a r t i f i c i a l l y  d ra in e d . Taking th e  mean annual 
i n f i l t r a t i o n  from r a i n f a l l  a s  250  mm, t h i s  su g g e s ts  th a t  i n  th e  
lo n g -te rm  th e  d ra in a g e  req u irem en t would d e c re a se  to  a  t o t a l  o f  
l e s s  th an  8 M l/d , i e .  abou t 109^  o f  th e  i n i t i a l  peak q u a n t i ty .
P re lim in a ry  e v a lu a t io n s  show th a t  a tu n n e l  d e sig n  in v o lv in g  ground­
w ater e x c lu s io n , by w hatever sy s tem , would be v e ry  expensive  f o r  a 
s t r u c tu r e  o f  t h i s  s i a e  and t h a t ,  i f  f e a s i b l e ,  a  d ra in e d  s o lu t io n  to  
th e  groundw ater problem  i s  l i k e l y  to  be ch eap er by more th an  fM 1 .0  
(1 9 7 7  p r i c e s ) .  The d es ig n  motorway d ra in a g e  l e v e l s  a re  c o n s id e ra b ly  
below lo c a l  sew er and s to rm w ater o u t f a l l s ,  and even assum ing th a t  
th e  e x i s t i n g  system  cou ld  cope w ith  th e  p re d ic te d  v e ry  la rg e  peak 
d ra in a g e  flo w s, a  perm anent pumping system  would have to  be p ro v id ed  
w ith  a s s o c ia te d  h ig h  ru nn ing  and m ain tenance c o s t s .
The h y d ro g e o lo g ica l c o n d it io n s  su g g e st t h a t  i t  ought to  be p o s s ib le  to  
d ra in  th e  perched  groundw ater body in  th e  ÜGG to  th e  u n d e rly in g  C halk, 
by c o n s tru c t in g  "d ra in a g e  b o re h o le s"  th rough  th e  B oulder C lay . 'R iis 
s o lu t io n  would be in ex p e n siv e  and would co n se rv e  v a lu a b le  groundw ater 
re so u rc e s  in  an a re a  in  which o v er 20 M l/d a re  a b s t r a c te d  from th e  
Chalk f o r  p u b lic  sup p ly  a lo n e . C le a r ly  such a s o lu t io n  needed a m ajor 
f i e l d  t r i a l  in  o rd e r  to  e s t a b l i s h  i t s  f e a s i b i l i t y  ( in  term s o f  i t s  
a b i l i t y  to  d ra in  th e  DGG and o f  th e  c a p a c ity  o f  th e  Chalk to  a ccep t 
th e  re c h a rg e ) ,  i t s  r e l i a b i l i t y  ( in  th e  lo n g e r  te rm ) and i t s  a c c e p ta ­
b i l i t y  ( to  th e  a u th o r i ty  r e s p o n s ib le  f o r  w a ter sup p ly  and th e  p re ­
v e n tio n  o f  w a te r  p o l lu t i o n ) .  T h is t r i a l  i s  c u r r e n t ly  ta k in g  p lac e  
and in v o lv e s  in te n s iv e  h y d ro g e o lo g ic a l and hydrochem ical d a ta  c o l l e c ­
t i o n ,  and m ath em atica l m o d ellin g  o f  th e  groundw ater system .
It is hoped that the Installation of some 25-35 drainage boreholes, 
long before the scheduled start of motorway construction, would lower 
substantially the DGG water-table, alleviating the groundwater pro­
blems both during and after construction. This would make a con­
ventional pumped drainage system to the sewers feasible for any 
excess groundwater together with the surface drainage from the paved 
area. The "drainage boreholes" would probably need routine main­
tenance by acidisation and/or chlorination.
The t o t a l  c o s t  o f  a l l  th e  h y d ro g e o lo g ic a l in v e s t ig a t io n s  to  d a te ,  
in c lu d in g  s p e c i a l i s t  s u p e rv is io n ,  i s  about £K 70 (1977  p r i c e s ) .
(B) ACCESS WAYS TO DEEP COAL MINES
B r i ta in  h as la rg e  d e p o s i ts  o f  c o a l ,  which have been e x p lo ite d  s in c e
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th e  b eg in n in g  o f  th e  i n d u s t r i a l  r e v o lu t io n . The exposed Coal 
M easures were developed f i r s t ,  fo llow ed by th o se  b u ried  a t  sh a llo w er 
d ep th , and today  th e  e x p lo i ta t io n  o f  new d e p o s i ts  u su a lly  in v o lv e s  
e x t r a c t in g  c o a l from beneath  a th ic k  co v er o f younger sed im en ts .
These sed im en ts  commonly in c lu d e  la rg e  th ic k n e sse s  o f  P e ra o -T r ia s s ic  
S n n d sto n es, which a re  h ig h ly  perm eable and c o n s t i tu te  a m ajor 
n a t io n a l  a q u if e r .
The groundw ater in  th e  P e rrao -T riassic  fo rm ations i s  n o t u s u a l ly  in  
h y d ra u lic  comm unication w ith  mine w orkings in  th e  Coal M easures 
b ecause  o f  impermeable s t r a t a  in  th e  in te rv e n in g  Upper C arbon iferous 
o r  Lower Perm ian. However a c c e s s  s h a f t s  and d r i f t s '  f o r  co a l 
rem oval must f re q u e n tly  p a ss  th rough  th e  P erm o -T riassic  S an d sto n es.
For exam ple, th e  N a tio n a l Coal Board in  B r i ta in  was faced  w ith  th e  
problem  o f  d r iv in g  a d r i f t  fo r  about 300 ra th rough  Perm o-Trias 
S a n d sto n es , 50-60 ra th ic k  and in c lu d in g  th e  h ig h ly  perm eable B unter 
Pebble B eds, to  meet ex tended  w orkings a t  an e x is t in g  mine (G riev e , 
1973 ) .  One o f  th e  e a r ly  s h a f t s  a t  th e  mine was rep u ted  to  have had 
groundw ater flow s a t  th e  c o n s tru c tio n  face  o f  up to  35 1 / s .  A p u b lic  
w a te r-su p p ly  pumping s t a t i o n ,  about 60O ra from th e  c o l l i e r y ,  was 
pumping an av erage  o f  1 .6  Ml/d from th e  Perm o-Trias and an abandoned 
raine s h a f t  was pumped a t  more than  1 .0  N l/d  fo r  i n d u s t r i a l  use a t  th e  
c o l l i e r y  i t s e l f  (F ig  3 )» so th e  w a te r-b e a r in g  c a p a c ity  o f  th e  sand sto n es 
was w e ll e s ta b l i s h e d .  H ydrogeo log ical ad v ice  was th e re fo re  sought fo r  
th e  assessm en t o f  th e  h y d ra u lic  p ro p e r t ie s  o f  th e  Perm o-Trias a t  th e  
s i t e  and so  f a c i l i t a t e  s e le c t io n  o f  th e  most s u i t a b le  method o f 
ex c lu d in g  w a te r  d u rin g  c o n s tru c tio n  and desig n  o f  th e  d r i f t  l in in g .
In  th e  f i r s t  s ta g e  o f  th e  h y d ro g e o lo g ica l in v e s t ig a t io n ,  two b o reh o le s  
were d r i l l e d  and a pumping t e s t  c a r r ie d  o u t ,  u s in g  BH2 a s the  pumping 
w e ll and BH1 fo r  o b se rv a tio n  (F ig  3 ) .  T h is t e s t  in d ic a te d  a t r a n s ­
m is s iv i ty  in  ex cess  o f  2000  ra /d a y , b u t l a t e r  in  th e  t e s t  th e  e f f e c t  
o f  a t  l e a s t  one h y d ra u lic  b a r r i e r  boundary (b e liev e d  to  be a known 
f a u l t ,  th e  E a s te rn  F a u lt  in  F ig  3 ) was d e te c te d .  Two more obse rv a­
t io n  w e lls  (BHs 3 and 4) were d r i l l e d  and f u r th e r  pumping t e s t s  c a r r ie d  
o u t .  Tbe s t r i k i n g  f e a tu r e  o f th e se  t e s t s  was th e  f a i l u r e  o f  Bh 4 to  
respond to  pumping, d e s p i te  c le a n in g  and developm ent. T his was 
a t t r i b u te d  to  th e  p resen ce  o f a second b a r r i e r  boundary between BHs 
2 and 4 ( th e  c o n je c tu ra l  W estern F a u lt  in  F ig  3 ) .  I t  th u s  appears 
t h a t ,  c o in c id e n ta l ly ,  th e  l in e  o f  th e  proposed d r i f t  l i e s  between two 
h y d ra u lic  b a r r i e r  b o u n d a rie s . In  p r a c t i c a l  term s t h i s  means th a t
• an in c l in e d  a cc ess  tu n n e l
418
^onodo
^ fsp o n o )
T
o
3 : % e i
4J9
SIAMOS-78. G ronodo (Espono)
d ew ate rin g  o f  th e  Perm o-Trias by means o f s p e c ia l l y - d r i l l e d  a b s t r a c ­
t io n  b o re h o le s  becomes f e a s ib le  and p re fe ra b le  to  g ro u tin g  o r  to  
groundw ater f re e z in g ,  a lth o u g h  com plete r e - lo c a t io n  o f  th e  d r i f t  in  
more fa v o u ra b le  g e o lo g ic a l  c o n d itio n s  i s  a ls o  under c o n s id e ra tio n .
A second problem  in v o lv ed  th e  s in k in g  o f  a p a ir  o f access  s h a f t s  
t h r o u ^  about 90 m o f P e rm o -T riassic  Sandstones o v e r la in  by 20 m o f 
Q u a tern a ry  C lay s , fo r  developm ent o f  a new mine. Again, th e  o p tio n s  
a v a i la b le  fo r  groundw ater c o n tro l  were f r e e z in g , g ro u tin g  o r  d ew ate rin g . 
A h y d ro g e o lo g ica l t e s t  programme was d ev ised  which in c lu d ed  th e  d r i l l i n g  
o f  a co red  pumping w e ll and an o b se rv a tio n  b o re h o le . L aboratory  t e s t s  
were c a r r i e d  ou t on th e  co re  m a te r ia l  fo r  th e  d e te rm in a tio n  o f  i n t e r -  
g ra n u la r  p r o p e r t i e s .  On s i t e  a  5-day pumping t e s t  a t  an a b s t r a c t io n  
r a te  o f  13*5  l / «  was c a r r i e d  o u t and supplem ented by g eo p h y sica l b o re ­
h o le  flow and fo rm ation  lo g g in g .
The la b o ra to ry  m easurem ents, on sam ples taken  a t  2 m in te r v a l s  in  th e  
co red  b o reh o le  (F ig  4 ) ,  in d ic a te d  a mean in te r g r a n u la r  p e rm e a b ility  
o f  about 0 .8  m /d, c o rre sp o n d in g  to  an in te r g r a n u la r  component o f  
t r a n s m is s iv i ty  o f  about 70 m^/d. The pumping t e s t  su g g ested  th a t  the
t o t a l  t r a n s m is s iv i ty  was about tw ice  t h i s  v a lu e ; th e  im p lic a tio n  
th a t  some f i s s u r e  flow must account fo r  th e  d if fe re n c e  was su p p o rted  
by th e  flow lo g g in g  in v e s t ig a t io n s .  Pumping t e s t  a n a ly s is  was 
s t r a ig h t f o r w a r d ,  w ith  no b o u n d aries  o r  leakage  be in g  d e te c te d  and the  
san d sto n e  b e in g  co n fin ed  by th e  o v e rly in g  c la y s .  During dew ate rin g , 
th e  a q u if e r  would o b v io u sly  become u n co n fin ed , and la b o ra to ry  m easure­
ments on co re  sam ples in d ic a te d  a s p e c i f i c  y ie ld  o f  about 0 . l 8 .
Given th e s e  a q u if e r  p r o p e r t i e s ,  i t  was ap p aren t th a t  th e  amount o f  
w a ter to  be a b s tr a c te d  d u rin g  c o n s tru c tio n  would be more th an  cou ld  
be pumped from th e  s h a f t s  th em se lv es . I t  was c a lc u la te d  t h a t  a 
d ew ate rin g  scheme could  on ly  be s u c c e s s fu l  i f  a  r in g  o f  b o re h o le s  was 
d r i l l e d  around each s h a f t  to  c re a te  a  'd ry*  cone in  which woric cou ld  
p ro ceed . T o ta l  a b s t r a c t io n  r a te s  up to  about 200 l / s  wei*e p r e d ic te d .  
The e f f e c t  o f  such an a b s t r a c t io n  on th e  a q u if e r ,  which i s  an im p o rtan t 
so u rce  o f  l o c a l  w a ter su p p ly , th e  d i f f i c u l t i e s  o f  d isp o s in g  o f  th e  
d isc h a rg e  w a te r , and th e  danger o f  troublesom e se t tle m e n t o f  th e  o v e r-  
ly in g  c la y a ,  le d  in  t h i s  case  to  th e  abandonment o f  d ew atering  as a 
p r a c t i c a l  p ro p o s i t io n .
(C) ENVI ROWENTA! STUDIES FOR TOAMES BARRIER PROJECT 
A m u lt i -m il l io n  pound p r o je c t  to  c o n s tru c t  a t i d a l  f lo o d -p re v e n tio n  
b a r r i e r  on th e  R iv er Thames in  Woolwich Reach, some 10 km downstream 
from C e n tra l  London, i s  b e in g  c a r r ie d  o u t .  A number o f r e la te d  
env iro n m en ta l s tu d ie s  o f  th e  r i v e r  e s tu a ry  and th e  flood  p la in  were 
com m issioned. These in c lu d ed  a su rv ey  o f  the  groundw ater c o n d itio n s  
in  th e  Lower Thames Flood P la in  and an assessm ent o f  th e  r e la t io n s h ip  
betw een th e  r i v e r  and th e  groundw ater system  in  th e  a re a ,  in  s p e c ia l
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r e la t i o n  to  th e  c o n s tru c tio n  o f  th e  b a r r i e r  and i t s  o p e ra tio n  fo r  
h a l f - t i d e  c o n tro l  ( in v o lv in g  a lo n g -te rm  in c re a s e  o f  m id - t id a l  r i v e r  
l e v e l  o f  1 .2  -  1 .5  m th ro u g h o u t C e n tra l London). A lthough t h i s  
s tu d y  does n o t d i r e c t l y  concern  th e  c o n s tru c tio n  o f  su b su rface  
e n g in e e r in g  w orks, some o f  th e  r e s u l t s  i l l u s t r a t e  w e ll th e  need fo r  
a h y d ro g e o lo g ica l approach i f  th e  groundw ater problem s r e la te d  to  
su b su rfa c e  s t r u c tu r e s  a re  to  be u n d e rs to o d .
Over 60  sh a llo w  o b se rv a tio n  b o re h o le s  were d r i l l e d  in  an a re a  o f  th e  
Flood P la in  T errace  G ravel (FPTG) e x ten d in g  up to  I 5  km from th e  
b a r r i e r  s i t e ,  and t h e i r  w a ter l e v e l s  were m onito red , w ith  f l o a t -  
o p e ra te d  re c o rd e rs  housed in  manholes b en ea th  pavem ents, d u rin g  a 
1-2 y e a r  p e r io d  (F o s te r ,  1971). The r e s u l t s  were r e la te d  to  
in fo rm a tio n  on th e  r i v e r v a l l s  and on th e  d ra in ag e  arrangem ents w ith in  
m ajor su b su rfa c e  s t r u c tu r e s  (F ig  5 ) ,  To v a ry in g  degree th e  r iv e rw a l ls  
c u t - o f f  h y d ra u lic  comm unication betw een th e  r i v e r  and th e  FPTG ground­
w a te r and th e  c r e a t io n  o f  e x te n s iv e  paved a re a s ,  w ith  sto rm w ater sew ers 
fo r  ro a d -a n d -ro o f  d ra in a g e , has v i r t u a l ly  e lim in a ted  n a tu r a l  i n f i l ­
t r a t i o n  from r a i n f a l l  o v er much o f  th e  Flood P la in .  A d d itio n a lly  in  
th e  C e n tra l  London a r e a ,  two very  im p o rtan t man-made c o n tro ls  on th e  
sh a llo w  groundw ater regim e can be reco g n ised  -  one on each bank (Gray 
& F o o te r , 1972).
0» th e  n o r th  bank, th e  permanent d ra in a g e  m easures o f  th e  D i s t r i c t /  
C i r c le  L ine Underground Railway c o n s t i tu te  th e  dominant in f lu e n c e  
o v e r th e  sh a llo w  groundw ater regim e (F ig  5 )-  Few re co rd s  o f  the  
d es ig n  and o p e ra t io n  o f  th e  d ra in a g e  system  have su rv iv e d , s in c e  t h i s  
was th e  c a p i t a l ' s  f i r s t  underground ra ilw a y  and was c o n s tru c te d  
around 1866- 6 9 .  I n v e s t ig a t io n s  re v e a le d  th a t  th roughou t i t s  le n g th  
th e  ra ilw a y  t r a c k  h as an u n d e rd ra in  w ith  pumped c o l l e c t in g  sumps a t  
r e g u la r  i n t e r v a l s ;  th e  combined a b s t r a c t io n  r a te  in  t h i s  a rea  i s  
about 6 .8  H 1 /d  w ith  l i t t l e  se a so n a l v a r ia t i o n .  O rder-of-m agnitude 
c a lc u la t io n s  su g g e st th a t  perhaps a s  much as 90^  o f  t h i s  d ra in a g e -  
w a ter o r ig in a t e s  from th e  r i v e r  (F ig  6 ) .  In c re a se s  in  mean r i v e r -  
l e v e l  w i l l  r e s u l t  in  a  concom itan t in c re a s e  in  th e  flow to  t h i s  
d ra in a g e  system  and t h i s  may w e ll re p re s e n t  a m ajor o b s ta c le  to  th e  
im p lem en tatio n  o f  co n tin u o u s h a l f - t i d e  c o n tr o l .  However, complex 
v a r ia t i o n  i n : -
( a )  th e  deg ree  o f  c u t - o f f  o f  th e  a d ja c e n t  r iv e r - w a l l ,
(b )  th e  s a tu r a te d  th ic k n e s s  o f  th e  r e l a t i v e ly  th in  FPTG, whose 
p e rm e a b ility  norm ally  l i e s  in  th e  range 50 -  150 m/d,
( c )  th e  head lo s s e s  a s s o c ia te d  w ith  e n try  o f  groundw ater to  th e  
ra ilw a y  d ra in a g e  system ,
re n d e r  u n r e l i a b le  any e s tim a te  o f  t i l l s  in c re a s e  and a c a u tio u s  p e riod  
o f  e x p e rim e n ta l o p e ra t io n  and m o n ito rin g  w i l l  be re q u ire d  to  e v a lu a te
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th e  s e v e r i ty  o f  th e  problem . The f a c to r  o f  r.a fo ty  w ith  re sp e c t  to  
pumping c a p a c i ty ,  a t  each o f th e  p r in c ip a l  pumping s t a t i o n s ,  ap p ea rs  
to  be about 4 .0 ,  bu t th e  p re se n t s t a t e  o f th e  d ra in s  them selves i s  
not known. S im ila r  d ra in ag e  system s e x is t  in  o th e r  s e c t io n s  o f th e  
o ld e r ,  sh a llo w  underground ra ilw ay  e lsew here  in  th e  Flood P la in .
On th e  so u th  bank (F ig  $ ) ,  the  p r in c ip a l  su b su rfac e  d ra in ag e  ap p ears 
to  be tow ards th e  a re a  in  which th e  perm eable Thanet Sand and Chalk 
d i r e c t l y  u n d e r lie  th e  FPTG, the  London C lay b e in g  a b se n t; h e re  th e  
FPTG i s  v i r t u a l ly  dew atered . Groundwater a b s t r a c t io n  from th e  Chalk 
fo r  w a te r-su p p ly  purposes led  to  a p ro g re s s iv e  low ering  of 
g» .w a te r l e v e l s  in  th a t  fo rm ation d u rin g  th e  p e rio d  1890-1940, 
though th e  e f f e c t  in  b eg in n in g  to  re v e rse  in  re c e n t y e a r s .  S ince 
a h igh  o ro p o rtio n  o f  th e  b u ild in g s  in  t h i s  a re a  have basem ents in  the  
FPTG, and many o f th e se  must have been c o n s tru c te d  s in c e  th e  i n i t i a l  
lo w erin g  o f  groundw ater l e v e l s ,  many o f  th e se  su b su rface  s t r u c tu r e s  
a re  l ik e ly  to  be a t  r i s k  i f  groundw ater l e v e ls  r i s e  s u b s ta n t ia l ly .
H ow ver th e  recovery  o f  groundw ater l e v e l s  a s so c ia te d  w ith  the  
c e s s a t io n  ol groundw ater pumping fo r  i n d u s t r i a l  w a ter supp ly  (because 
o f  q u a l i ty  d e te r io r a t io n  and o th e r  f a c to r s )  i s  l ik e ly  to  be much more 
s i g n i f i c a n t  in  t h i s  r e sp e c t  than  th e  p ro b ab le  in c re a s e s  steouning from 
p ro ro sed  b a r r i e r  o p e ra tio n  f o r  h a l f - t i d e  c o n tr o l .
In  th e  C e n tra l London a re a ,  s i g n i f i c a n t  t id n lly - in d u c e d  f lu c tu a t io n s  
in  g rour.d t'a ler le v e l  a re  l im ite d  to  a zone up to  100 m from th e  r i v e r -  
bank . F u r th e r  downstream , however, th e se  f lu c tu a t io n s  a re  observed 
o v er much la r g e r  d is ta n c e s  from th e  r i v e r  due t o : -
(a )  th e  d eep er b ase  o f  th e  FPTG and th e  reduced c u t- o f f  o f  th e  
r i v e r - w a l l ,
(b )  th e  th ic k e n in g  cover o f  a l l u v i a l  s i l t s  and c la y s  which co n fin e  
th e  FPTG groundw ater system  (F ig  7 ) .
The tra n s m is s io n  o f  d iu rn a l  head changes in  a t i d a l  r i v e r  to  ad jacen t 
groundw ater system s i s  a fu n c tio n  o f  two e s s e n t i a l ly  d i s t i n c t  p ro ­
c e s se s
( a )  T ra n s fe r  th rough  th e  r iv e rb e d  and r iv e rb a n k , which may, in  the  
p resen ce  o f  a  co m p ress ib le  lo w -p e rm e ab ility  r iv e rb e d  d e p o s i t ,  
reduce th e  t i d a l  r a tio *  (TR) g r e a t ly ,
(b)  P r opaga t i on  l a t e r a l l y  away from t he  r i v e r ,  which w i l l  be a f unc t i on  
o f  t he  h yd r a u l i c  p r o p e r t i e s  o f  t he  groundwater  system and those
o f  any c o n f in in g  s t r a t a .
" r a t io  betw een th e  response  o f  th e  groundw ater system  and th e  c o r­
resp o n d in g  d iu rn a l  change o f  t i d a l  head in  th e  r iv e r
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425
SIAMOS-78. G ronodo (Espono)
In  mn&lyming th e  g roundw ater TR d a ta  a t  th e  b a r r i e r  site(W oolw ich  
R e a c h )it  was th u a  n eeaaaary  to  e x p re ss  d is ta n c e #  o f  o b se rv a tio n  
b o re h o le s  and p iezo m ete rs  from th e  n e a re r  edge o f  th e  main dredged 
ch an n e l and n o t from th e  r i v e r  f ro n ta g e ,  s in c e  s u b s ta n t ia l  th ic k ­
n e sse s  o f  r iv e rb e d  d e p o s i ts  a re  p re se n t ( f i g  7 ) .  Wie " lo g  TR -  
d is ta n c e "  d a ta  ( f i g  8 ) ,  r a t i o n a l i s e d  in  t h i s  way, e x tra p o la te d  
a p p ro x im ate ly  to  th e  o r ig in  (su g g e s tin g  n e g l ig ib le  "im pedance" to  
th e  t r a n s f e r  o f  t i d a l  f lu c tu a t io n s  from th e  r i v e r  to  th e  ground­
w ater system  in  th e  dredged ch an n e l)  and were s u f f i c i e n t l y  o rd e red  
to  p e rm it c o n f id e n t  u se  o f  a n a l y t i c a l  groundw ater th eo ry  ( F e r r i s ,
1963 ) fo r  th e  p r e d ic t io n  o f  th e  changes t h a t  would occur fo llo w in g  
th e  d red g in g  o f  d iv e rs io n  ch an n e ls  and ex cav atio n  f o r  p ie r  founda­
t io n s  a s s o c ia te d  w ith  b a r r i e r  c o n s t r u c t io n .  % e p re d ic te d  sub­
s t a n t i a l  in c re a s e s  in  th e  m agnitude o f  "groundw ater t id e s "  ( f i g  8 ) ,  
were in  f a c t  f i r s t  re co rd ed  in  th e  w in te r  o f  1974, when d red g in g  
d iv e r te d  th e  main n a v ig a t io n  chan n e l some 100 a  to  th e  n o r th  by 
removing th e  r iv e rb e d  sed im en ts from th e  FPTQ. A s im ila r  e f f e c t  
i s  expected  to  o ccu r on th e  so u th  bank fo llo w in g  th e  second p lanned 
d iv e rs io n  d re d g in g , and th e  in f lu e n c e  on any e x is t in g  su b su rfac e  
s t r u c tu r e s  in  th e  a re a  i s  b e in g  k e p t under c a r e f u l  o b se rv a tio n .
4 .  COfCLODimi RBIARKS
The p re ce d in g  exam ples d em o n stra te  how a h y d ro g e o lo g ica l approach 
c an , in  c e r t a in  c a s e s ,  b e n e f i t  th e  c o l l e c t io n  and e v a lu a tio n  o f  
g roundw ater d a ta  a t  c i v i l  and m ining e n g in e e r in g  s i t e s .  At th e  
p re se n t tim e however, i t  i s  im p o ss ib le  to  e n su re , and n o t easy  to  
prom ote, th e  u t i l i s a t i o n  o f a v a i la b le  h y d ro g e o lo g ica l e x p e r t is e .
T h is e x p e r t is e  norm ally  r e s id e s  in  ( i )  n a t io n a l  re se a rc h  o rg a n is a t io n s ,  
( i i )  s p e c i a l i s t  c o n s u l tin g  firm s and ( i i i )  u n i v e r s i t i e s .  Improve­
ments in  u n d e rg rad u a te  l e c tu r e s  in  a p p lie d  geology fo r  c i v i l  and 
m ining e n g in e e rs  cou ld  in c re a s e  aw areness o f  p o te n t i a l  groundw ater 
prob lem s.
In  tu rn  i t  can be d i f f i c u l t  f o r  th e  hydro g e o lo g is t  to  a p p re c ia te  
f u l ly  th e  t e c h n ic a l  and economic re le v a n c e  o f c e r t a in  groundw ater 
c o n d it io n s  to  th e  d es ig n  o f  an e n g in e e r in g  p r o j e c t .  I f  in v o lv ed  in  
s i t e  i n v e s t i g a t io n ,  i t  i s  th e r e f o r e  e s s e n t i a l  th a t  he should  work in  
c lo s e  l i a i s o n  w ith  th e  d es ig n  e n g in e e r .
I t  i s  a ls o  n e c e ssa ry  to  re c o g n ise  c le a r ly  th e  l im i ta t io n s  o f  hyd ro - 
g e o lo g ic a l  m ethods. As a prime exam ple, i t  rem ains d i f f i c u l t  to  
e s t a b l i s h ,  o r  r e f u t e ,  th e  p resen ce  o f  o c c a s io n a l zones o f  p e rm e a b ility  
developm ent a s s o c ia te d  w ith  h ig h -an g led  f i s s u r e s  in  o th e rw ise  n e a r ly  
im perm eable b ed ro ck . Very la rg e  numbers o f  b o reh o le s  would be needed 
f o r  an e x h a u s tiv e  i n v e s t ig a t io n .  I t  i s  u n r e a l i s t i c  to  expect th a t  
s u f f i c i e n t  funds w i l l  be a v a i la b le  to  e lu c id a te  every  re le v a n t  sub­
s u r fa c e  f e a tu r e  b e fo re  p ro ceed in g  w ith  c o n s tru c t io n . % e  s p e c i a l i s t
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must a s s e s s ,  w h ile  in v e s t ig a t io n  p ro c ee d s , what f e a tu r e s  a f f e c t in g  
d e s ig n  and c o n s tru c t io n  cou ld  c o n ce iv ab ly  e x i s t  b u t may no t have been 
i d e n t i f i e d .  A d e c is io n  can th en  be tak en  on w hether i t  i s  n ecessa ry  
to  in v e s t i g a te  f u r th e r  th e  r i s k  o f  such  p o s s i b i l i t i e s .  In  c e r ta in  
c a te s  th e  r e la te d  problem  can be overcome d u rin g  c o n s tru c tio n  w ith  
l i t t l e  a d d i t io n a l  exp en se , p ro v id in g  th e  p o s s ib i l i t y  o f  i t s  e x is te n c e  
was fo re se e n  a t  th e  o u ts e t  and co n tin g en cy  p la n s  l a i d .
In  any ev en t we should  guard a g a in s t  a s te re o ty p e d  approach to  s i t e
in v e s t ig a t io n  ----  w hether o r  n o t i t  in v o lv e s  h y d ro g e o lo g ica l work.
In  su b su rfa c e  e n g in e e r in g  every  s i t e  sho u ld  be c o n sid e re d  in d iv id u a l ly ,  
w ith  c a r e f u l  th o u g h t about what th e  s i t e  in v e s t ig a t io n  needs to  d i s ­
c o v e r .
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8047 Evaluation of a semi-confined  
Chalk aquifer in East Anglia
s. s. D. FOSTER, b s c , m i c e , m i w e s * 
A. S. ROBERTSON, b s c . m i w e s *
About 4000 km® of East Anglia arc underlain by a scmi*confincd Chalk aquifer; semi- 
confincd in the sense that it is buried beneath a variable suite o f glacial deposits which, 
to varying degree, confine its groundwater and reduce recharge rates from infiltration. 
The aquifer is a major source of water supply. It exhibits outwardly unpredictable 
variation in borehole yield behaviour but there has been little field research into the 
causes. This Paper describes an investigation at a site of public water supply 
abstraction in south Norfolk, and has numerous implications for the development 
and management of groundwater resources in much of the surrounding region.
B ackground
Since the early  1950s the scm i-confincd C halk  aqu ifer at R ushall (9 km cast- 
n o rth -ea s t o f  Diss in so u th  N orfo lk  (Fig. 1)) has been increasingly exp lo ited  for 
p ub lic  w ater supply . D evelopm ent has involved the drilling o f  six boreholes, 
an d  their co m p le tio n  as pum ping  wells, in a trian g u lar site o f  ab o u t 800 m side; 
fo u r a rc  cu rren tly  in use. All these boreholes are 400-600 m m  in d iam eter 
a n d  w ere com ple ted  by surge pum ping  and , w ith the exception  o f  num ber 2, by 
acid  trea tm en t.
2. T he bo reho les show  su b stan tia l varia tion  in y icld-draw dow n c h arac te r­
istics (F ig . 2), num bers 3 and  5 being no tab ly  inferior. A dditionally , the yields o f 
ind iv idual b o reho les have d e te rio ra ted  w ith tim e (e.g. num ber 1 in Fig. 2). A cross 
the  region as a w hole, the  yields o f  large d iam eter boreholes in C halk  are  norm ally  
in the  range 10 I/s fo r 30 m d raw dow n to  25 1/s fo r 10 m draw dow n.* D espite  
th eir close p rox im ity  and  superficially sim ilar co n struction , the yields o f  the 
R ushall boreholes vary from  considerab ly  below  average (num ber 3) to  well 
ab ove  average (n u m b er 6) (T able  I), a lthough  they do  not reach the exceptional 
yields fo r sm all d raw dow ns recorded  locally a ro u n d  N orw ich and Ipsw ich.
Geological  s e t t ing  of th e  Rushall si te
3. T he concealed  surface  o f  the C halk  o f  m uch o f  cen tral East A nglia is 
d issected by a netw ork  o f  buried  channels, frequently  n arrow  and  often  deep.
Wrillcn discussion closes 15 February. 1978, for publication in Proceedings, Part 2. Mr 
Foster will give a talk based on this Paper, entitled The hydrogeological evaluation of Chalk 
aquifers' to the Hast Anglian Association at the Angel Hotel, Bury St Edmunds on 18 
January, 1978, at 7 p.m.
* Hydrogeological Department, Institute of Geological Sciences.
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0_______  SO
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limit of Craj deposits
Approximate extent of semi-confined 
(drift and Craj covered) Chalk 
aquifer; unconfined conditions 
may be present locally along 
the major valleys
Fig. 1. East Anglia; sub division of the Chalk aquifer
W oodland^ described  these features as ‘ buried  tunnel valleys’ and  regarded 
them  as sub-glacial in orig in .
4. T he R ushall site (F ig. 3) is close to  the edge o f  a buried valley, a trib u ta ry  
to  the W aveney system .^ T he dep th  o f  the C halk  surface varies by as m uch as 
23 m across the site, f r o m + 9 m O D  in borehole 6 to  — 14 m O D  in borehole  3.
5. A w ay from  the  line o f  the buried valley at R ushall, the C halk  is overlain 
by 25-35 m o f  glacial deposits (Fig. 4), which in upw ard  sequence com prise
(a) w ell-sorted sands and  sandy gravels, p robab ly  representatives o f  one o f 
the East A nglian  Pleistocene crags 
(/}) a com plex B oulder C lay series with rap id  lateral and  vertical changes in 
litho logy , including conso lida ted  silty clays, silts, num erous fine silty 
sands and  ra re r  gravels.
T he fill o f  the  buried  valley is recorded as being predom inan tly  h ard , dark  grey 
silty clays w ith su b o rd in a te  sand and  gravel, suggesting post-C rag  sub-glacial 
fo rm atio n . A b o u t 2-3  km  south-east o f  the R ushall site, on the lim b o f  the 
East Suffolk synclinc, the general level o f  the buried C halk  surface d rops steadily 
an d  the th ickness o f  the overlying C rag increases substan tia lly  (F igs 3 and 4).
6. At the  surface the R ushall site is relatively flat, being on the b road  in ter­
fluve betw een the valleys o f  the Pu I ham  S tream  to the n o rth  and the River 
W aveney to  the so u th  (Fig. 4).
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Fig. 2. Y ield-draw dow n characteristics for Rushall pumping boreholes
Table 1. Rushall production boreholes; draw dow n comparison for yields of 251/s 
and 40 I/s
1 Borehole 
1
Borehole
3
Borehole
4
Borehole
5
Borehole
6
Drawdown (in 
metres) for 
pumping rate of
25 I/s 1 
(2-2 M l/day),
10
1
19
1
; 9
I
! ' 14I 6
40 I/s 
(3-5 Ml/day)
17* t
!
15" 1
1
 30
1
II
• No longer obtainable. t  Never obtainable.
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Geophysical  inves t igat ion of Chalk g r o u n d w a t e r  f low
7. D uring  1975-76 com prehensive borehole  flow logging invesiigations 
were u n d ertak en  at R ushall in som e o f the p ro duction  d iam eter boreho les 
(nu m b ers  1 .3 , 4. 5 and  6 in Fig. 5) and  in the purpose-drilled  o b servation  b o re ­
holes o f  150 m m  d iam eter (num bers 7A and  8A in Fig. 5). The m ethods used 
are  described in part by T ate  ei al.^
8. G ro u n d w a te r inflows in to  boreholes are norm ally  associated  with v a ria ­
tio n s o f  electrical conductiv ity  a n d /o r  tem pera tu re  o f the borehole  fluid colum n. 
Such v a ria tions , a lth o u g h  som etim es sm all (less than  O O ldegC  and  I /.tm ho/cm), 
m ay be logged using sufficiently sensitive equipm ent.^ T he changes o f  the 
tem p era tu re /co n d u c tiv ity  logs from  the rest cond ition  during  the onset o f  p u m p ­
ing no rm ally  ind icate  the m ain levels o f  g ro u n d w ater flow.
9. M easurem ents o f the vertical flow ra te  to  the pum p can  be m ade by 
im peller and  heat-pulse  flow m eters fo r high and  low velocities respectively. 
A lth o u g h  the hydrau lics o f  bo reho le  flow arc  com plex, the m easurem ents when 
carefu lly  in te rp reted  can ind icate  the relative co n trib u tio n s from  various levels
Scilt o( kilomètres 
2 3
i|
-10 IZZT
>1
- 2 $
Boreholes on Institute of G*oto(lc*l Stienc*:' 
records used In Interprétation
* Probible line of burled 
tunnel vallejr
Contours on burled surface 
of Chalk in m OD
I ^  Deepest proven floor of 
t—“  burled tunnel valley
Line of section In Ft;. 4
Fig. 3. South Norfolk: hydrogeological location map 
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Fig. 5. Plan of Rushall site
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Fig. 6 . Selected electrical conductivity logs of Rushall boreholes in rest and pumping 
conditions, boreholes 5 and 6
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in ihc  b o reh o le  (i.e. the p roductive  zones o f  the aquifer). T he norm al c o n ­
fig u ration  fo r flow logging is w ith the pum p at the m inim um  depth  necessary to  
su s ta in  a low  pum ping  ra te , and  at a dep th  which docs not conflict w ith an tic i­
p a ted  flow levels. U n d er such con d itio n s in 500-600 m m  dia. boreholes, pum ping  
ra tes o f  m o re  th an  a b o u t 2 I/s shou ld  produce, in their upper sections, vertical 
flows ch arac te rized  by R eynolds num bers o f  over 4000 and  w ith b lunt ro u g h -  
tu rb u len t velocity  d istrib u tio n s. F o r  boreholes o f  150 mm  d iam eter the c o r­
re sp o n d in g  pum ping  ra te  will be ab o u t 0 6 I/s. in the lower sections o f  b o re ­
ho les below  the m ajo r inflows, lam inar vertical flow with parabo lic  velocity 
d is tr ib u tio n  is likely to  prevail. W hen bo th  flow regim es are un ifo rm , sem i- 
q u a n tita tiv e  in te rp re ta tio n  o f  flow logs is possible w ith som e confidence, 
but a m a jo r com p lica tio n  arises opposite , and  fo r som e diam eters above, m ajo r 
g ro u n d w a te r inflow s w here grossly n o n -un ifo rm  vertical flows m ay develop.
10. A t R ushall the  conductiv ity  log proved to  be the m ore d iagnostic  for 
flow in v es tig a tio n ; selected results are given in Figs 6 and  7. In borehole  6 
(F ig . 6) the  onset o f  pum ping  gives rise to  a stro n g  inflow o f  slightly lower co n ­
d u c tiv ity  w a ter from  n ear the base o f  the solid  lining tubes ( - 4  m O D ) dow n to 
- 7  m  O D , w ith in d ica tions o f  m in o r inflows below  the la tter dep th . M easure­
m ents o f  vertical flow to the pum p, o p era tin g  at 11 1/s and  situated  w ithin the 
solid  lin ing  tubes, show ed a sevenfold decrease in velocity by ab o u t - 7  m O D  
and  a fu rth e r fou rfo ld  reduction  by ab o u t - 2 2  m O D , strongly  suggesting that 
the bulk o f  the yield is derived from  above the fo rm er level and th a t p robab ly  no 
m ore th an  5%  orig ina tes from  below  the latter. B orehole 1 behaved sim ilarly 
(F ig . 7).
EUctrlcil conductivity: yt mho/cm 
455 460
But of liming Iwbci 
In borehole concerned
Probeble bate of 
major groundwater Bow 
Into borehole
Probable bate of 
algnlficamt groundwater 
flow Into borehole 
determined by vertical 
flow meaiurementi
Fig. 7. Selected electrical conductivity logs of Rushall boreholes in rest and pumping 
conditions, borehole 1
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n .  B orehole 5, on  the  edge o f  the buried  valley, has a d istinctive co n d u c­
tivity log (F ig . 6), w ith m ore saline (h igher conductiv ity ) g ro u n d w ater at depth . 
T he flow levels are  again  clearly  m arked  by conductiv ity  changes with the onset 
o f  pum ping , but in th is case the flow logging suggests that the m in o r inflows 
below  - 2 1  m O D  arc  p ro p o rtio n a lly  m ore im p o rtan t than  in boreholes I and  6.
12. T he overall results o f  the geophysical investigation o f  g ro u n d w ater flow 
arc sum m arized  in Fig 8. A lth o u g h  the U pper C halk  a lone is estim ated  to be 
over 200 m th ick  a t the R ushall site and  m any o f  the boreholes penetrate  to - 4 0  
m O D  o r  m ore, the bulk o f  the g ro u n d w ater flow to C halk  boreho les is c o n ­
cen tra ted  above  - 2 0  m O D  an d  largely above -  10 m O D . A lthough  the 
d is trib u tio n  o f  g ro u n d w a te r inflow to  boreho les m ay be influenced to  a degree by 
the position ing  o f  pum ps, it is suggested a lso th a t the bulk o f  the perm eability  
developm ent in the C halk  is ab ove  -  10 m O D . with no  highly perm eable 
horizons below  - 2 0 m  O D . R ecently , the fact th a t substan tia l thicknesses o f 
the C halk  aq u ife r have very low in situ  perm eability  has been independently  
d em o n s tra ted  at sites in H am psh ire  using w ater injection tests in cored boreholes.^ 
T he in ferio r y ic ld -d raw d o w n  ch aracteris tics o f boreho les 3 and  5 at R ushall 
thus ap p ea r to  be due  to  the absence o r  e rosion  o f m ost o f  the highest perm eabil­
ity chalk  in the buried  valley. T he im plica tion  is th a t the developm ent o f  high 
perm eability , p resum ab ly  due to  the  so lu tio n  on n ear-ho rizon ta l discontinuities 
o f the rock m ass by n a tu ra lly  c ircu la tin g  groundwater.®  m ust in substan tia l part 
geologically  p re-date  the fo rm atio n  o f  the buried  tunnel valley.
In terp re ta tion  of aquifer te s t pumping
13. System atic  pum ping  tests w ere carried  o u t in N o v em ber-D ecem ber 1975 
by pum p in g  boreho les 6 and  2 in tu rn  and  observing the aqu ifer response by 
m o n ito rin g  the  w ater levels in all o th e r boreho les in C halk . T hree  piezom eters 
in the glacial deposits  (7B. 8B and  9B in Fig. 5) were a lso m easured regularly  
th ro u g h o u t the tests. S teady  pum ping  ra tes o f  18 I/s. 37 1/s and  49 1/s were 
used in the case o f  boreho le  6 and  24 I/s was used for borehole 2. In o rd er to 
satisfy the o p e ra tio n a l needs o f  R ushall pum ping  sta tion , boreholes 3 and 4 were 
pum ped  at a steady  com bined  ra te  o f  ab o u t 55 I/s (4 7 M l/day) from  som e weeks 
before the sta rt o f  test pum ping  un til som e weeks a fte r its com pletion . This 
is not believed to  have significantly  a fleeted the aqu ifer testing.
14. A n exam ple  o f  the d a ta  collected is given in Fig. 9. T he m ost p rom inent 
featu re  o f  all the test d a ta  is a rap id  trend  to  equ ilib rium  caused by m arked re­
charge eflTccts. T he  n o n -equ ilib rium  obse rv a tio n  borehole  responses, for the 
test a ro u n d  boreho le  6 (F ig . 9). co n fo rm  to lerab ly  to  the leaky confined m odeF  ® 
and  suggest aq u ife r p rop erties  o f  ab o u t the follow ing m agn itudes: transm issivity 
500 m ^/day. sto rag e  cocfflcient 1 0 a nd  leakage facto r 600 m.
15. T he regional g ro u n d w a te r flow in the C h a lk  is know n to be directed 
generally  eas tw ard s u n d e r a h y drau lic  g rad ien t o f  less th an  0 0 0 3 %  and is th ere ­
fore unlikely  to  exceed 1*5 M l/d ay  per I km  o f  flow frontage. It thus could  not 
be the m ajo r sou rce  o f  rap id  recharge  observed in the high ra te  (49 1/s. 4 2 M l/day) 
pum ping  test. T he recharge is in te rp reted  as induced dow nw ard leakage from  
the overly ing  C rag  sands. T h e  confin ing  bed ap p ears to  be the 2-5 rn thick 
layer o f  p u tty  chalk  (a g lacial c ry o tu rb a tio n  p ro d u c t) Ixrtwcen the base o f  the 
C rag  sands an d  the m ain  body  o f  the C halk  fo rm ation  (Fig. 8). The existence 
o f leakage is c o rro b o ra ted  by the b ehav iour o f  a piezom eter in the C rag (SB).
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which responded  to  pum ping  but to a sm aller degree and  less rap id ly  than  
in the ad jacen t C halk  observation  borehole (8A) w ith the sam e pre-test w ater 
level. T he shallow er piezom eters (7B and  9B) in the m ore sandy horizons o f  the 
B oulder C lay  series recorded  significantly (3 -6  m) h igher pre-test heads than  
those in the  underly ing  C halk , but show ed no response to  pum ping  th ro u g h o u t 
the test period .
16. T he re la tio n sh ip  betw een the pum ping rates from  borehole  6 and  the c o r­
respond ing  o bservation  borehole  d raw dow ns was strictly  linear, confirm ing a 
lam inar flow regim e in the aqu ifer at distances o f  100 m and  m ore from  the 
pum ping  well. S im ilar beh av io u r has been observed fo r an  unconfincd C halk  
aquifer.®
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17. D espite  the relatively good  yield-draw dovvn characteris tics o f  bo reho le  6, 
e v a luation  o f  the theoretical d raw dow ns a ttr ib u ta b le  to rad ia l g ro u n d w ater 
flow th ro u g h  the aq u ife r a lone to  a well o f  equal nom inal d iam ete r suggests that 
it m ay be on ly  5 5 -65%  efficient. T he well losses ap p ea r to result m ainly from  
the p a rtia l lining ou t o f  the m ost p roductive  zone o f  the C halk  (F ig. 8). S lo tting  
o f  the b o tto m  6 m o r  so o f the solid lining tubes should  have reduced losses and  
increased efficiency.
18. T he m ore lim ited d a ta  from  the test a ro u n d  borehole  2 have been p lo tted  
on  an  equal d im ension  basis (F ig. 10) to facilitate  co m parison  w ith those from  
the test on  bo reho le  6. A threefold  o r  fourfo ld  reduction  in T is  ap p aren t with 
a slow er ra te  o f  developm ent o f  induced vertical leakage. H ow ever, the pos­
sib ility  o f  tu rbu lence  affecting the observation  boreho le  response here can n o t be 
com plete ly  ru led  o u t, as it is only  30 m from  the test borehole  and  there  are 
insufficient d a ta  to  p rove lam in ar aqu ifer flow. F u rth e r reduction  in T  occurs 
a lo n g  the cen tre  o f  the buried  valley, w here values ap p ear to  fall well below  
100 m ^/day.
19. A s m ight be expected , the R ushall boreholes show  m arked response 
to  b a ro m etric  fluctuations (Fig. I I ) .  B arom etric  efficiency is in m ost cases 
very high , but low er in the case o f  boreho le  5; the reason is not understood . 
(D a ta  fo r bo reho le  3 are  no t availab le.)
Evaluation of vertical leakage from glacial deposits
20. T he  rap id  equ ilib rium  achieved in all the R ushall boreholes after the 
s ta rt (o r  re -s tart) o f  pum ping  was in te rp reted  as being due prim arily  to  induced 
d o w nw ard  leakage from  the C rag  sands, the in te rcep tion  o f  regional g ro u n d ­
w ater flow in the C halk  aq u ife r being o f  only  m inor significance in this process. 
(T h is is an  im p o rtan t conclusion , w hich could  easily be m issed if  com prehensive 
hydrogeolog ical d a ta  were not collected .) H ow ever, such equilibrium  will be 
susta ined  in the  long-term  only  if the ra te  o f  recharge o f  the C rag  from  the over- 
lying B oulder C lay series and  the ra te  o f  in filtration  to the la tte r fo rm ation  at 
the  surface  a rc  bo th  sufficient to  balance the long-term  abstrac tio n .
21. T he  h isto rical record  o f  ab strac tio n , considered  together with recovery 
w ater level d a ta , fo r the  R ushall site provides co rro b o ra tiv e  evidence. It show s 
(F ig . 12) th a t the C halk  p iezom etric  surface has fallen (a t boreho les 1 and  2, for 
exam ple) from  above +  30 m O D  in 1950 to  + 2 3  m O D  in 1975. M oreover, 
sha llow  g ro u n d w a te r levels in the sandier horizons o f  the B oulder C lay appear, 
from  local d ra inage  practice, a t one tim e to  have stood  at +  30 m O D  to  +  35 m 
O D  but levels o f  + 2 6  m O D  and  + 2 7  m O D  were recorded  by p iezom eters 9B 
an d  7B respectively d u rin g  the present investigation . Som e perm anen t fall in 
g ro u n d w a te r level is bo th  inevitable and  necessary fo r the econom ical develop­
m ent o f  g ro u n d w a te r resources, particu larly  in this type o f  hydrogeological 
env iro n m en t, o therw ise an excessive num ber o f  isolated p ro d u c tio n  boreholes 
w ould  be requ ired . H ow ever, at R ushall the average ra te  o f  g ro undw ater 
ab s trac tio n  has increased steadily  from  the equivalent o f  only 1-6 M l/day in 
I960 to  3 4 M l/day  in 1970 and  4 5-5  0 M l/day  since 1973. It is therefore  not 
possible to  establish  a trend o f  long-term  equilib rium  at any  given pum ping 
ra te  from  the h isto rical record . If, in the long term , ab strac tio n  grossly exceeds 
rep len ishm en t, g ro u n d w ater levels will fall, d raw dow ns will increase o r borehole 
yields reduce. F ailu re  o f  boreholes w ould be g radual as the cone o f  depression
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Fig. 12. Historic groundw ater abstraction and recovery levels for Rushall site
w ould  ten d  to  expand , th u s in te rcep ting  m ore aqu ifer th roughflow  and inducing 
ad d itio n a l leakage. E quilib rium  at a reduced ab strac tio n  ra te  w ould eventually  
be estab lished .
22. T he  fall in the  C h a lk  p iezom etric  surface  over the years, has reduced 
availab le  aq u ife r d raw dow n and  the yields o f  individual boreholes, fo r exam ple 
borehole  I betw een A pril 1956 an d  D ecem ber 1975 (Fig. 2).
23. M any  ap p ro ach es  to  the ev a luation  o f  deep g roundw ater recharge from  
excess ra in fall are  possible bu t, because o f  the liihological com plexity  o f  the 
B ou lder C lay, none will be precise. F ro m  de term ination  o f  the g roundw ater 
co m p o n en t o f  river flow in the W aveney a t N eedham , the average na tu ra l long­
term  recharge to  the C halk  aqu ife r over the en tire  catchm ent w as put at 40-50 
m m /a .'"  T h e  co rresp o n d in g  figure fo r excess rainfall exceeds 150 m m /a* and 
it is p ro b ab le  th a t a d d itio n a l deep  recharge is thus being induced by groundw ater 
developm en t. Such figures give an  Indication  o f  the o rd e r o f  resources ( 0 1 - 0  4 
M l/day  per km ’ ) availab le  in the  long-term  from  induced dow nw ard leakage in 
the a rea  considered . T he  ex ten t to  w hich these resources can  be developed 
from  a single boreho le  o r  localized source, such as R ushall, will depend on the 
transm issiv ity  o f  the C halk  aqu ifer. C orresponding ly  h igher rates o f  ab s trac ­
tio n  can  be susta ined  in the sh o rt and  m edium  term  because o f the very large 
volum e o f  g ro u n d w a te r sto rage  in the glacial deposits.
This assumes, perhaps questionably, that no long-term climatic change is occurring.
815
F O S T E R  A N D  R O B E R T S O N  
C on clu sion s
24. F o r  the R ushall C halk  there is little evidence to  suggest useful perm eability , 
in the con tex t o f  w ater supply  developm ent, below  ab o u t -  20 m O D . T he 
zone o f  highest perm eability  ap p ears to  be 10 m and  m ore above this level and  
alm ost directly  below  the  fo rm atio n 's  buried  erosion  surface. This co nd ition  
has been observed w idely in East Anglia,*® a lthough  at m any loca tions there is 
evidence o f  som e flow o f  fresh g ro u n d w ater dow n to ab o u t - 4 0  m O D . In 
general it ap p ears  th a t there is little to be gained by drilling  w ater supply  b o re­
holes deeper than  - 2 0  m O D . In view o f the p robab le  perm eability  d is tr ib u ­
tion , how ever, it is strong ly  recom m ended  that any lining tubes requ ired  for 
su p p o rt in the C halk  sl^ould be slo tted  from  as near the to p  o f  the fo rm atio n  as 
possible, to  avoid acc iden tal exclusion o f g ro u n d w ater from  the zone o f highest 
perm eability .
25. In East A nglia the so-called buried  tunnel valleys’ ap p ea r to  constitu te  
p o o r  sites fo r chalk  g ro u n d w a ter developm ent, because the zone o f  enhanced 
chalk  perm eability  will o ften  have been eroded  du rin g  their fo rm atio n ; u n der 
certain  c ircum stances it is possible that they m ay act as p a rtia l barrie rs to  g ro u n d ­
w ater flow. B oreholes in to  such valleys a re  likely to  provide poo re r yields for 
higher d raw dow n, need to  be o f  g reater dep th  and  requ ire  longer lengths o f  
solid  casing. H ow ever, when the fossil valleys are traced dow nstream  their 
charac te r changes rad ically ’ and  a different hydrogeological cond ition  alm ost 
certain ly  will app ly . W here a true  buried  tunnel valley’ directly  underlies part 
o f  a m ajo r p resen t-day  valley, the position  will a lso  be m ore com plex. W ood­
la n d "  and  Ineson*’ suggest th a t, in general, the C halk  was h igher yielding (and 
thus possessed h igher transm issiv ity) benea th  m ajo r valleys than  beneath  the 
h igher g ro und . H igh chalk  perm eability  is p ro b ab ly  associated  with so lu tion  
du rin g  long-term  n a tu ra l c ircu la tion  o f fresh groundw ater;®  *’ thus where these 
valleys arc the focus o f  m a jo r g ro u n d w a te r d ischarge perm eability  is likely to  be 
highest. H ow ever, drilling  w ater supply  boreholes in to  those parts o f  present 
alluvial trac ts  underla in  by buried  tunnel valleys shou ld  be avoided anyw ay. 
M oreover, the transm issiv ity  o f  the C halk  aw ay from  the present valleys m ay 
have been underestim ated  by stud ies o f  the varia tion  in borehole yield alone, 
since m any m ore w ell-constructed , h igh-dcm and  boreholes are  located , for one 
reason  o r a n o th e r, in valleys, in tro d u c in g  a bias in to  sta tistica l d a ta .
26. T h e  rap id ity  w ith w hich  equ ilib rium  is established in boreholes in C halk 
at R ushall a fte r the s ta rt, o r  re -s tart, o f  pum ping  could , in the absence o f o th er 
d a ta , easily be m isin terp reted . It has been show n to  be due to induced dow n­
w ard  leakage from  the basal glacial sands and  gravels (the C rag , in the case o f  
R ushall). S im ilar pum ping  test b ehav iour has been reported  a t sites in the Tas 
Valley to  the n o rth  o f  Rushall*^ an d  is likely over large a reas o f  the sem i-confined 
aqu ifer (Fig. 1). T here  is stro n g  evidence from  the R ushall site that such 
equ ilib ria  m ay be relatively short-lived and  th a t in the  longer term  the su s ta in ­
able yield o f  a site will depend  on the average ra te  o f  induced leakage th roughou t 
the entire  th ickness o f  the glacial deposits and their ra te  o f  replenishm ent from  
excess rainfall.
27. D espite  the sem i-confined con d itio n s o f  g ro u n d w ater storage, the 
hydrogeological env ironm en t should  prove favourab le  to schem es for au g ­
m en ta tion  o f  river flow from  g ro u n d w ater sto rage  in d rough t o r fo r conjunctive 
use o f  surface and  g ro u n d w ater. T h is is because the induced leakage should
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allow  seasonal o v cr-ab strac lio n  o f g ro undw ater and at the sam e tim e greatly  
re ta rd  the ra te  o f  spread  o f  in terference effects to  the areas o f  g ro undw ater 
d ischarge an d , therefore, to  river flow.
A ck n o w led g em en ts  •
28. T he investigations described were carried  out by the Institu te  o f  G eo log­
ical Sciences in co lla b o ra tio n  w ith the A nglian W ater A u th o rity  to  form  a basis 
fo r decisions on  the fu tu re  o p e ra tio n  and  m anagem ent o f  the R ushall pum ping  
sta tio n  and  the developm ent o f  w ater supplies in the su rro u n d in g  area. They 
were suggested by M r T . K . T a te  o f  the Institu te  o f G eological Sciences, H ydro ­
geological D ep artm en t, an d  p rom oted  by M r K. Rowe, D ivisional Engineer o f  
the A nglian  W ater A u th o rity , N orw ich W ater D ivision, to bo th  o f  w hom  the 
A u th o rs  arc m ost indeb ted . M uch assistance on site was given by M r A. M. 
R ob in so n  and  M r E. S harpe  o f  the A nglian W ater A u th o rity  and  M r M . J. 
Bird an d  M r W . G . D arling  o f  the Institu te  o f  G eological Sciences. This Paper 
is pub lished  by perm ission o f  the D irecto r, Institu te  o f  G eological Sciences.
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Chalk perm eability—a study of vertical variation  
using water injection te s ts  and borehole logging
byM Price, A S Robertson and S S D Foster*
603
Introduction . . ,  ,
The continual rise in the dem and for w ater in 
Britain together with the growing threat to ground­
w a t e r  resources posed by w aste disposal, sew age 
elfluent and the intensive use of agricultural fertili­
sers, makes it increasingly desirable to understand 
in detail the natural mechanisms of groundw ater 
movement and storage. This paper describes a new 
approach to the in-situ study of the hydraulic prop­
erties of the Chalk. The Chalk aquifer plays an e ssen ­
tial role in the nation's w ater supply both directly, 
through groundwater abstraction, and indirectly be­
cause of the large contribution which Chalk ground­
water makes to the flows of some of our major 
rivers.
English Chalk generally has a high transmissivity, 
which is attributable to the presence of fissures in 
an otherwise relatively impermeable rock m ass 
(Ineson. 1962; Tate e t  a i  1970). It has long been 
recognised that the fissures may be more strongly 
developed at particular levels, but recent work 
(Foster and Milton, 1974; Foster and Robertson, in 
press) has shown that these levels may perhaps be 
controlled by hydrological rather than lithological 
lectors. It also appears that in many cases a few 
near-horizontal fissures are responsible for m ost of 
the total transmissivity; in the unconfined Chalk, a 
high proportion of the water bearing capacity being 
concentrated within the zone of seasonal fluctuation 
of the water table (Foster, 1975).
The manner in which the permeable horizons of the 
Chalk are developed and distributed with depth will 
greatly influence the behaviour of wells and springs 
deriving water from the unconfined aquifer, particu­
larly during long periods of dry w eather when the 
water table falls to unusually low levels.
An investigation was m ounted to study the ver- 
hcal variation in horizontal permeability in an un- 
confmed Chalk aquifer within an area being invest­
igated for river flow augmentation (see  acknowl­
edgments). The techniques used were w ater 
'djection testing, core analysis and borehole flow 
ogging. The last-named is a proven hydrogeological 
00 tor the investigation of flow levels but one which 
0 only yield at best sem i-quantitative information
As in previous work, it w as used 
levels of w ater m ovem ent in the forma- 
'oiportance^  P*’ovide an estim ate of their relative
lesiino^  ^ ®^P®cied from the ou tset that injection 
abl6 7n indicate the presence of very perme-
PermpakM^ would probably not yield quantitative
the diw 1 foe these horizons, because of
flow rat^  ^ T-i?^  injecting w ater at sufficiently high 
inG intention w as to obtain numerical
^Gparfm enr. In stitu te  o l G eological 
' ^^^'àifion Road. London S W 7  2DE.
permeability values for the less permeable zones, 
believed to make up a substantial thickness of the 
Chalk, and to derive values for the most permeable 
horizons by comparing the injection m easurem ents 
with bulk values derived from pumping tests. Labor­
atory core analysis provided permeability values for 
unfissured Chalk; by comparing these with injection 
test results it w as possible to estim ate quantitatively 
the contribution of fissures in the less permeable 
horizons.
Borehole construction
Two boreholes (B and C )t were drilled on the 
Chalk outcrop in Hampshire about 2km apart. In each 
case a 300mm diameter hole was drilled using a 
percussion rig to about 5m below ground level, and 
250mm diameter steel casing w as inserted and 
grouted with cem ent/bentonite grout. Percussion 
drilling was then continued at 250mm diameter to 
the approximate depth of the w ater table (Table 1 ) 
where coring com m enced at 101mm diameter leaving 
a 131mm hole. In borehole C, core diameter was 
reduced to 75mm from a 101mm hole at a depth of 
about 45m. Injection tests were carried out as the 
holes were deepened; on completion of core drilling 
and testing, the boreholes were reamed to 200mm 
diameter to facilitate flow logging and TV inspection. 
Subsequently, C was reamed to 250mm diameter 
to 12m and 200mm abs casing (perforated below the 
water table) inserted, because the upper part of 
the borehole wall appeared unstable.
Throughout the programme, mains w ater (abstrac­
ted from the Chalk) was the only drilling and 
injection fluid used.
W ater injection testing
Injection testing took place in B and C as core 
drilling progressed. The standard form of the test 
used in civil engineering site investigation was 
employed (Louis and Maini, 1970; Muir-Wood and 
Caste, 1970), in which a length of the borehole 
above the temporary base was isolated by an ex­
panding rubber packer carried on drill pipe and 
inflated using com pressed nitrogen. The packer w as
Table 1 Details of Boreholes B and C
Borehole B C
Site name Abbotstone Itchen Down
Farm
NGR SU 558 349 SU 546 334
Ground elevation 92.3m a OD 62.6m a OD
Rest w a te r  level (Feb  1976) 26.8m bgl 10.2m bgl
Depth a t w hich coring
com m enced 25.5m bgl 12.0m bgl
Cored dep th 79.3m bgl 81.1m bgl
Ream ed dep th 85.0m bgl 82.0m bgl
t  Borehole A was drilled subsequently. See footnote page  608.
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hg ^  pressure gauge
flowmeter
w ate r tab le
packer
te s t zone
from pump
f i ,  I G enera lised  a r r e tr g e m e r t t  o l  e q u i p m e n l  t o r  o r , i n i e c t i o n
test.
normally located 5 to 6m above the base of the hole 
and a test carried out each time the hole w as deep­
ened by 5 to 6m so that, with a few exceptions, the 
borehole was tested completely, in stages, between
the water table and final depth.
Water was injected into the tes t zone t h r o u g h  the 
drill pipe, using a Mono D62 surface pump. Flow
rate was measured with an integrating flow m eter
and pump injection pressure with a pressure gauge 
mounted on top of the drill pipe (Fig 1). If this pres­
sure is hq metres head of water, the friction loss in 
the drill pipe is hi, and the other syrnbols are as 
identified in Fig 1, then the effective injection p res­
sure at the test zone, H., is
H. =  hq "F h- — hd — hi ( ^  )
or H. =  h(j -F hi — hi (2)
This form of water-injection test w as used be­
cause the equipment is leadily available and the 
technique used and understood by m ost site- 
investigation contractors. It w as realised, however, 
that there would be difficulties in its use for the 
hydrogeological investigation of high permeability 
strata. Typical site investigations for, say, dam 
foundations, involve measuring the permeability of 
relatively impermeable rocks, usually with the w ater 
table near surface (so that h% is sm all). Although 
high injection pressures are used, they produce only 
small flow rates, so that hi is also small and FI, 
corresponds closely to h ,.
In the case of the unconfined Chalk aquifer much 
higher permeabilities are probable and commonly (as 
lit this case) the water table is at considerable depth. 
'11 consequence of the latter h, will be large and FI. 
ittoy be very different from h,. In zones of high 
permeability the high flow rates necessary to cause 
rneasurable pressure at the gauge, even if they are 
- will cause large friction losses. This is 
inift'»'^ so if internal upset drill pipe is used for 
1 ction, as in this case. It is possible to make 
of the head losses but considerable errors 
run! where very high flow rates and long pipe 
are involved (Dick, 1975). The friction losses
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and errors could be substantially reduced by using 
pipe with internal flush coupling if available, but it 
would seem advantageous to m easure Fi. directly 
by means of a pressure transducer in the tes t zone.
Provided that steady-state laminar-flow injection 
conditions can be achieved, that the formation 
around the tes t zone is hom ogeneous and isotropic 
and that the test zone length (I) is much greater than 
the borehole radius (r) , then the permeability K of 
the formation around the tes t zone can be calculated
from the formula
K =  Q(ln l/r)  (3)
2 rHd
where Q is the injection rate. The usual procedure 
is to increase h? in three equal increments, measuring 
the corresponding values of Q at each step, and then 
to decrease h, in similar steps, again measuring Q. 
When plotted as a graph of H. against Q the five 
resultant points should lie on a straight line. Marked 
non-linearity or hysteresis indicates a departure f r o m  
the ideal condition, possibly caused among other fac­
tors by the onset of turbulent flow in the formation, 
packer leakage, scouring or closing of a fissure, or 
by enlargement of a fissure as a result of H. exceed­
ing the overburden pressure. The shape of the curves 
provides valuable information on the nature of the 
departure from the idealised conditions. In imperme­
able ground it is easy to increase H. in nearly equal 
steps because FI. approximates to h,; in permeable 
strata with high injection rates it is not.
Fig 2 show s examples of pressure/flow  rate 
curves from tests  in both boreholes. Curve 1 shows 
on almost "ideal" result— the pressure/flow  relation-
 cnrcontinued on page 606
Fig 2 Pressure-flow curves for borehole injection tests. 
Curve 1 is  from C, 14.0 to 19.9m bgl. Curve 2 is from C, 63.1 
to 69.1m bgl. Curve 3 is from B. 38.7 to  45.3m bgl.
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ship  is a straight line through the origin and the 
l a c k  o f  hysteresis indicates no change of conditions 
during the test. Curve 2 show s the results of a te s t 
in w h ic h  the permeability of the formation apparently 
in c r e a s e d  with increasing tes t pressure: again there 
is  no significant hysteresis, that is to say the effect 
W3S r e v e r s i b l e .  It might have been caused by the 
e f f e c t iv e  test pressure exceeding the local overburden 
p r e s s u r e  and so temporarily forcing a fissure open 
but is more likely a result of leakage past the packer 
3t f iigh  pressure. Curve 3  exhibits, to a minor degree, 
both non-linearity and hysteresis, the latter indicating 
a s l ig h t  decrease in apparent permeability during the 
c o u r s e  of the test. All of the curves show  a bunching 
of t h e  measured points in the high pressure region, 
b e c a u s e  testing at effective heads less than h. w as 
not p o s s i b l e .
Core an a ly sis
After each core run had been described, samples 
were taken at about half-metre intervals for su b ­
sequent measurement of physical properties. From
Plate 1 Television photographs (radial view) of Fissure har­
ms in B. In each case the top of the borehole is indicated 
iy the black mark. Top left and top right: Fissure horizon 
below ground level. Screen diagonal represents approx-
each sample a test plug (25mm diameter core) was 
cut, approximately 25mm long, with its axis horizon­
tal { ie  perpendicular to the borehole axis). Addition­
ally, a vertically oriented plug w as cut from every 
tenth sample. The permeability of each test plug 
w as m easured using a gas perm eam eter with nitro­
gen as the test fluid (API, 1956). An empirical cor­
rection (Klinkenberg, 1941) w as then applied to the 
results to produce an estim ated liquid permeability, 
which w as corrected for density and viscosity to 
yield an intergranular hydraulic conductivity to a non­
reactive liquid with the properties of water at 10°C.
Borehole logging
Borehole geophysical m easurem ents were of two 
main types— those measuring directly properties of 
the rock strata around the boreholes and those 
measuring properties of the w ater within them. Only 
the w ater m easurem ents will be discussed in detail 
in this paper.
Under rest (non-pumping) conditions, the w ater 
column in a Chalk borehole reaches an apparent
imately 37mm. Bottom left and right: Fissure horizon 35.7m 
below ground level. Screen diagonal represents approximately 
30mm.
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e q u il ib riu m with the free w ater in the surrounding
rhflik Changes in the tem perature or electrical con- 
H r  i v i t y  of the water column can be detected with 
s e n s i t i v e  temperature/conductivity sonde (Tate and 
RoLrtson. 1975) and usually occur at levels where 
w a t e r  is entering or leaving the borehole. Such a 
L |  indicates the presence of relatively high perme­
a b ility  combined with a difference in hydraulic head. 
T h e  head difference is frequently brought about be­
c a u s e  the borehole connects strata which are 
r e l a t i v e l y  permeable, are separated  by less permeable 
m a t e r ia l ,  and which contain w ater under slightly 
d i f f e r e n t  total heads. The borehole thus provides an 
a r t if ic ia l  conduit for vertical flow to take place be­
t w e e n  these strata. Pumping from the borehole will 
a lte r  the head distribution and may accentuate other 
l e v e l s  of entry. The definition of levels of movement 
fr o m  a single log is often difficult and for this reason 
it i s  usual to make a series of logs under different 
h y d r a u l i c  conditions, such as at the start and the 
f in is h  of pumping from the borehole. Changes in 
f lo w  velocity above and below a level of w ater move­
m e n t  can give an indication of the relative impor­
t a n c e  of that fissure, but not an absolute value of 
i t s  permeability contribution. The problems of cen­
t r a l i s i n g  the flowmeter below a pump and of avoiding 
e r r o r s  caused by non-uniform turbulent flow in what 
is  essentially a rough walled pipe subject to side 
e n t r a n c e  effects, mean that the relative results are 
at best only semi-quantitative.
Temperature and conductivity logging and flow 
measurements were carried out in B and C under 
rest and pumping conditions. These m easurem ents 
were supplemented by closed circuit television in­
spections of B above and below the w ater table 
(Plate 1). All the significant flow entry levels 
detected by logging were identified as fissures (of 
various forms) by TV inspection which also revealed 
the presence of other openings above the w ater 
table.
Natural gamma, gamma-gamma and electrical 
resistivity logs were made to provide information on 
stratigraphy and lithology.
Results
Injection test and core-analysis permeability 
(hydraulic conductivity) results for B are presented 
Fig 3 and for C in Fig 4. It will be seen that at 
211 horizons the total permeability (as  measured by 
infection testing) is greater than the intergranular 
permeability measured in the laboratory. The perme- 
iity results obtained in the laboratory are typical 
values for unfissured Upper and Middle Chalk from 
England (Price e t  at, 1976). It appears from 
meosurements that the intergranular 
lowprtK Middle Chalk is significantly
T  that of the Upper Chalk.
levels at which w ater move- 
niques ^^^^cted by the borehole logging tech- 
of thp shown in Figs 3 and 4; an example
the  ^ 'u these levels are indicated on
z ta z :
by s t u d v ^ ’n n  practice the levels were identified 
conditioL- obtained under varying
which definJ^tk  ^ incorporates a resistivity log.
dary. Upper Cfialk-Middle Chalk boun­
d 'll injection test zones I. II, V, VI and
Pparently too permeable for the tests  to
permeability (m /day) 
1 0 ' 10-: 1 0 : 10 '
3 0 -
40 —
5 0 -
2 6 0 -
7 0 -
8 0 -
intergranular
permeability
injection test 
permeability—
electrical
c o n d u c tiv ity
4 0 0 0 0 40 500 41 000
electrical conductivity of borehole w ater (m icrosiem ens/r.i)
Fig 3 Permeability and borehole logging results from B. The 
injection test zones are bounded by broken lines and num­
bered I to IX. The zones marked >  have permeabilities 
which are too high to be measured with the equipment 
available.
yield finite results. The flow logging indicated impor­
tant entry levels in I, II, and V but not in VI or VIII 
and it is assum ed that w ater leakage around the 
packer was responsible for the high flow into these 
last two zones. Zones III, IV, VII and IX were of 
sufficiently low permeability for an injection test to 
be successful. The only w ater movement levels in 
these zones were detected by logging between 44.5 
and 45.5m below ground level and it seem s probable 
that these levels did not give rise to high injection 
rates because they represent minor permeability con­
tributions, fall on the boundary between zones III 
and IV and were partly covered by the packer during 
testing.
In C (Fig 4) flow logging detected a zone of 
inflow between the w ater table and approximately 
15m below ground level (bgl); this interval could not 
be tested with the packer assembly because of the 
presence of temporary drill-casing. Only two other
peimaability (m/day)
in te rg ra n u la r
p erm eab ility
injection test 
perm eability
electrical resistivity 
(16-irtch normal)
increasirtg resistiv ity
% 4 Permeability and borehole logging results 
The injection test zones are bounded by  
numbered I to XIII. The zones marked >  have
whid) are too high to be measured w ith  the equipavailable.
inflow levels were detected by logging; a n^joT o ^  
at about 38m bgl. corresponding to  the high p 
ability test zone V, and a less pronounced level a 
about 52m bgl The latter level again falls exactly on 
'be boundary between two te s t zones, he y 
anomaly in C is the high permeability result op^einea 
Ifom test zone XU. which on the flow lo99|n9 
Jance contains no significant flow level.
I'ont this zone contains several high-angle frac 
it it is possible that flow occurred from the te s i 
aaiie around the packer through near-verticalawes.
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Generally, the boreholes were not cleaned out 
prior to injection testing, and it is accepted that the 
permeability may have been reduced by drill cuttings 
clogging fissures. It is always difficult to separate 
regional (aquifer) properties from local (borehole) 
effects, and it w as particularly desired not to locally 
enlarge fissures by pumping. The use of water rather 
than mud as drilling fluid and the wide variations in 
permeability which were recorded suggest that clog­
ging by drilling cuttings w as not significant.
Conclusions
Five principal conclusions were drawn from this 
study:
1 ) A large number of the zones tested by water 
injection, forming a significant thickness of sat­
urated Chalk at these sites, have very low total 
permeability.
2) This total permeability is usually at least ten 
times higher than the intergranular permeability 
as measured in the laboratory, indicating the like­
lihood of some minor fissuring throughout the 
interval studied.
3) The zones which do not have low permeability 
generally contain prominent fissures which can 
be identified by borehole flow logging techniques. 
Their permeabilities are too high to be measured 
with the water injection equipment which was 
available. Comparison with the result of a short 
pumping tes t at site C indicates that for the inter­
val tested more than 99 per cent of the trans­
missivity is contributed by no more than 12m or 
17 per cent of the saturated thickness.
4) The standard site-investigation form of the injec­
tion test is not particularly suitable for applica­
tions in high permeability strata. For future work 
it is important to reduce head losses and to 
measure injection pressure directly in the test 
zone.*
Injection testing in isolation is likely to lead to 
errors in interpretation. It is particularly important 
to  confirm that packers have not inadvertently 
covered fissures. It would clearly be advanta­
geous to drill to full depth and then log the bore­
hole before carrying out packer work: this implies 
the use of double-packer assemblies.*
5)
continued on page 610
• Footnote
Since this paper was written, a third cored borehole (A ) 
has been drilled to 85m in the Candover Valley. On comple­
tion the borehole was pumped clean, logged and inspected 
by closed circuit television. Injection testing w as then carried 
out. using a double packer assembly to isolate the tes t zones. 
The assem bly w as carried on BX size drill casing (approx­
imately 63mm internal diam eter), permitting high injection 
rates for relatively small head losses. A pressure transducer 
w as incorporated into the assembly to permit direct and 
accurate measurement of the pressure in the test zone.
Because the Chalk around the upper part of the borehole 
w as extensively fissured and broken, necessitating the use 
of slotted casing, it w as not possible to te s t above 17m bgl 
(the water table is approximately 2m bgl). Between 17m 
and 75m bgl. 16 zones were tested, covering virtually the 
whole of this interval. The logging and closed circuit te le­
vision information was used to select smooth areas of the 
borehole against which to seat the packers. In 15 of the 
zones, the permeability w as less than 3m /d: in the remaining 
zone it averaged about 60m /d over a zone length of 3.7m. 
This zone contained a well developed horizontal fissure. The 
borehole logs indicate that similarly high permeabilities are 
to be expected in the lined part of the borehole, above 
17m bgl.
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PREFACE
investigations d e sc r ib e d  h e r e  w ere  c a r r ie d  out on b eh alf of the S co ttish  D evelop m en t  
artment who funded part o f the w ork , w ithin  the fram ew ork  of a r e se a r c h  co n tra c t finan ced  by 
^Department of the E n viron m en t.
The work was undertaken p r io r  to the a d m in is tr a t iv e  re o rg a n isa tio n  of the w ater in d u stry  in  
tland and a ccord in g ly , the o r g a n isa t io n s  r e fe r r e d  to in the R eport a r e  th o se  who co lla b o ra ted  w ith, 
rovided data to the In stitu te , ra th er  than th e ir  s u c c e s s o r s .  P u b lica tion  is  with p e r m is s io n  of the 
er Fife and K in ross W ater B oard , though the op in ion s e x p r e s se d  a r e  th o se  o f the au th ors and not 
neLssarily those of the B oard . T he au th ors w e r e  g ra te fu l for the in te r e s t  and su pp ort of Mr R. J . 
C a m e r o n  Stobie, E n g in ee r /M a n a g e r , and Mr D. C rom b ie , Deputy E n g in eer , of the B oard.
The valuable a s s is ta n c e  of th e  fo llow in g  sta ff of the In stitu te  or  B oard is  acknow ledged; M r M. J.
Bird Mr M. A. E. B row ne, M r A .C .  C rip p s, Mr J . G ibson, Mr D. G regg, Mr K. H. M urray,
MrL.D* Purdie, Mr T .K . T ate  and e s p e c ia l ly  M iss  A. S . R ob ertson  for h er w ork on the g e o p h y s ic a l 
investigations of b oreh o le B ow .
Hydrological data on the E den R iv er  s y s te m  w ere  provid ed  by the T ay R iv er  P u r if ica tio n  B oard and 
on Loch Leven by the Forth  R iv er  P u r if ica tio n  B oard . Mr J .A .  R eid , H yd ro log ist to the fo r m e r  of 
these Boards is thanked for so m e  m o st h elp fu l d is c u s s io n s .  M e teo ro lo g ica l data w e r e  obtained  from  
t h e  M e te o r o lo g ic a l O ffices  in Edinburgh and B r a ck n e ll.
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Exhibition Road W oodland
London SW7 2DE D ir e c to r
1 F eb ruary  1 976
111
S u m m ary
A thick regional a q u ifer  has been  id en tified  w ithin  the U pper Old Red Sandstone seq u en ce  o f F ife  
d K in r o s s ,  extending from  the e a s te r n  r im  of the Loch L even  b asin  fo r  a d ista n ce  o f m ore  than  
25 km on the southern  s id e  of S trath ed en  to beyond C upar. T he bulk o f the san d ston e in the m ain  
. uifer has m oderate in te rg r a n u la r  p erm e a b ility  (g r e a te r  than 1 m /d ) and p o ro s ity  (o v er  20 p er  cen t), 
a n d  also exhibits s ig n if ica n t f is s u r e  p e r m e a b ility . L ab oratory  s tu d ie s  su g g e st  o v er  15 p er  cent 
specific yield under g ra v ity  d ra in a g e .
Production b oreh o les y ie ld in g  at le a s t  40 1 /s  for l e s s  than 25 m drawdown can  now be s ited  w ith  
s o m e  confidence. C onvention al la r g e - s c a le  grou n dw ater a b str a c tio n  for  con tinu ous p ere n n ia l w a ter  
supplies must n e v e r th e le s s  be co n s id e r e d  a s  u n d esira b le  at the p r e se n t  t im e , b eca u se  of in te r fe r e n c e  
with su rfa ce  w ater s y s te m s  lead in g  to p ro b lem s o f se w a g e  d ilu tion  and am en ity  co n se rv a tio n .
In view of the h ydrau lic  p r o p e r t ie s  of the m ain  a q u ifer , i t s  h y d ro lo g ica l r e g im e  and its  v er y  la r g e  
freshwater sto ra g e , h o w ev er , th e re  a r e  good p r o sp e c ts  fo r  in term itten t a b str a ctio n  of la r g e  v o lu m es  
o f  groundwater from  lim ited  a r e a s  for u se  in conjunction  w ith  e x is t in g  and future upland r e s e r v o ir s ,  
particularly at t im e s  of drought and peak dem and, without ca u sin g  undue in te r fe r e n c e . A 20 M l/d  
p i l o t  development sc h e m e  is  p rop osed  to  co n firm  fe a s ib il i ty .  T he eco n o m ic  ad van tages of exp lo itin g  
t h e  groundwater r e s o u r c e s  o f S trath ed en  a r e  so  a ttr a c t iv e , no m a tter  how the econ om ic  p a r a m e te r s  
of the various so u rce  op tion s a r e  v a r ied , that th e p o s s ib ility  of la r g e - s c a le  d evelop m en t should  not 
be neglected.
S o m m a ir e
On a identifié un a q u ifère  é p a is  ré g io n a l dans la  sé q u en ce  de v ieu x  g r è s  rou ge su p é r ie u r  de F ife  et 
Kinross. De la m arge de l 'e s t  du b a ss in  de L och  L even  il  s"' étend p lus de 25 km à  la  c ô té  du 
sud de Stratheden jusqu'au  d elà  de C up ar.. La p lupart du g r è s  dans T aq u ifère  p r in c ip a l p o ssè d e  
une perméabilité in te rg r a n u la ir e  m oyen ne (p lu s de 1 m /d )  et une p o r o s ité  m o d érée  (plus de 20 pour cent), 
et elle montre a u ss i une p e r m é a b ilité  im p ortan te  par f i s s u r e s .  D es étu d es dans la  la b o ra to ir e  su ggèren t  
un rendement sp é c ifè r e  de p lu s de 15 pour cent par d ra in age par g ra v ité .
Maintenant il est p o s s ib le  de f ix e r  a v e c  q uelque d e g r é  de con fian ce  le s  em p la ce m e n ts  de trou s de 
sonde, produisant au m oin s 40 1 /s  a v e c  m o in s de 25 m rab attem en t. L 'ex tra c tio n  co n v en tio n e lle  su r  
un grand échelle, d 'eau  so u te r r a in e  pour l'a p p ro v is io n n em en t con stan t d 'eau doit ê tr e  c o n s id é r é e  à 
present, cependant, co m m e peu  d é s ir a b le  à  c a u se  de son  in flu en ce  su r  le s  s y s tè m e s  d 'eau  au 
surface, ce qui peut c a u s e r  d es  p r o b lè m e s  en la  d ilu tion  d es  égou ts et la p ro tec tio n  d 'a g ré m e n ts .
Cependant, en co n sid ér a tio n  d es a ttr ib u ts  h yd rau liq u es de l'a q u ifè r e  p r in c ip a l, de son  r é g im e  
hydrologique, et de son t r è s  grand c a p a c ité  d 'e m m a g a s in a g e  d 'eau  d ou ce, on p ou rra it b ien  p ro cé d e r  à 
l'extraction in term itten te de g ra n d es q u an tités d 'eau  so u te r r a in e  de zo n es  l im it é e s ,  pour s 'e n  s e r v ir  
conjointement avec d es r é s e r v o ir s  m ontagn ard s a c tu e ls  ou fu tu rs, su rtout pendant d es p ér io d e s  de 
sécheresse ou de con so m m a tio n  m ax im u m , sa n s  p rovoq u er  trop de d éra n g em en ts. A fin  de co n firm er  
sapracticabilité on p ro p o se  un p ro jet d 'e s s a i  de 22 M l/d . L e s  avan tages écon om iq u es de l 'e x p lo it ­
ation des ressou rces en eau so u te r r a in e  de S trath ed en  ont tant d 'a ttr a its , de n 'im p o rte  q u e lle  m an ière  
que les param ètres éco n o m iq u es d es s o u r c e s  fa c u lta t iv e s  so ie n t v a r ié s ,  que la  p o s s ib il ité  de 
développement sur une gran d e é c h e lle  ne doit p as ê tr e  n é g lig é e .
Z u sa m m cn fa ssu n g
Man hat einen m a ssig e n  O rtlich en  Grund w a s s e r le i t e r  in d er  a lten , roten  ü b e rsa n d ste in fo lg e  
von Fife und K inross id e n tif iz ie r t .  D ie s e  F o lg e  re ic h t vom  b stlic h e n  Rand vom  Loch L even  Recken  
mehr als 25 km we it auf d er  sü d lich en  S e ite  von S trath ed en  w e ite r  a ls  C upar. Das H auptteil vom  
Sandstein im H au p tgru n d w asserle iter  hat m S s s ig e  in terk ü rn ig e  P e r m e a b ilita t  (g r ü s s e r  a ls  1 m /d ) und 
orosifât (mehr a ls  20 P ro z en t)  und z e ig t  auch  w ich tig e  S p a ltp erm ea b ilità t. L a b o ra to r iu m sa rb e it  
f zu verstehen, d a ss  e s  e in en  b e st im m te n  E rtra g  von m eh r a ls  15 P ro z en t unter S ch w erk ra ft-  
entwasserung gibt.
Man kann num m it f e s te r  Ü berzeu gun g P ro d u k tio n sb o h rlo ch er  p la c ie r e n  d ie w en ig sten s  40 1 /s fur 
"eniger als 25 m S en k u n g str ich ter  lie fe n . T ro tz d e m  m u ss  m an gew oh n lich e g r o s s e  G ru n d w asser-  
s raktion fur ununterbroch ere lan gdau ernd e W asserp orgu n gen  im  A ugenblich  a ls  unerw ünscht
ten, weil die Stbrung von E r d o b e r f lâ c h e w a sse r sv s te m e n  zu P ro b lem en  von A bw asserverd ün nu ng  
"‘J^^^'^hmlichkeitsschutz führt.
''/asse^  ^ den h y d ra u lisch en  B e so n d e r  h e iten  d es Haupt g r u n d w a sse iT e ite r s , auf den h yd rau lisch en
A u s u n d  auf dern h y d r o lo g isc h e n  S ü s s w a s s e r  sp e ic h e r n , gibt e s  ab er gute 
zus p er io d isch e  A b strak tion  von v ie l  G ru n d w asser aus b esch ran k ten  G ebieten  fur G ebrauch
Hbchst^ ^^  ^ x istieren d en  und k om m enden  Ü b erlan d stan b eck en , b eso n d e rs  zu D iir re ze ite n  und
der E lib er m a s s ig e  Stbrung zu v er u r sa c h e n . Ein 20 M l/d  V ersu ch sp ro jek t
Benut^  'vird b ea b s ich tig t, um d ie M oglich k eit zu b estâ tig en . D ie ôk on om isch en  V o r te ile  der
bkono^ T^  G ru n d w asser m itte ln  von S trath ed en  sind  so  v o r te ilh a ft , ganz g le ic h  w ie man die
P aram eter von d er  v e r sc h ie d e n e n  Q u ellen sa u sw a h len  â n d ert, d a ss  m an d ie  M oglich keit 
osser Entwicklung n icht a u s s e r  acht la s s e n  d arf.
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Background
reg ional WATEIi S U P P L Y  S I T U A T I O N
In 1973 the total w ater dem and of th e reg io n
u n d e r  consideration w as 114 M l/d  and grow in g
ata rate close to the n ation al a v e r a g e  of
,1 per cent per annum (S co ttish  D eve lop m en t
Department, 1973). Should su ch  a grow th  ra te
be s u s t a in e d ,  demand would be exp ec ted  to
double by the end of the cen tu ry .
The bulk of the total d evelop ed  r e s o u r c e s  of the
Fife and Kinross W ater B oard  is  r e p r e se n te d  by
a complex of impounding r e s e r v o ir s  on the upper
part o f the River Devon; the o th e r  m ajor  so u r c e
at present is the G lenfarg R e s e r v o ir  (F ig . lA ) .
Prior to the drought e x p er ie n c ed  throughout
eastern Scotland in 1 971 -1974 , the com b ined
reliable yield of a ll ex is tin g  s o u r c e s  w as put at
110 Ml/d; the m ajor r e s e r v o ir s  s to r in g  o v e r
14 000 Ml. Precip itation  during 1 9 7 1 -1974  w as
only 80 per cent of the long ter m  a v e r a g e  and in
1973 was less than 70 p er  ce n t, to ta l r e s e r v o ir
yield being reduced to about 90 M l/d . T he supply
deficit was offset som ew hat by the d r ill in g  of
four exploratory b oreh o les and by e m e r g e n c y
appeals, but som e r e s tr ic t io n s  w er e  ex p er ie n c ed
and the storage of upland r e s e r v o ir s  w as
excessively depleted.
By 1977, development o f p o ten tia l upland
catchment areas w ill be a lm o st  c o m p le te  w ith the
construction of the C a st le h ill Dam  in G lendevon ,
the fifth impounding r e s e r v o ir  in th is  ca tch m en t,
together with a treatm ent w o rk s. T h is  w ill
augment available su p p lies by so m e  29 M l/d  at
in estimated cost of £4 .2  m illio n  (1974 p r ic e s ) .
Forward plans to the turn o f the cen tu ry  in clu d e
i67 Ml/d intake on the R iv er  E a rn , to au gm ent
the existing Glenfarg sou rce, which, together
"ithanother major treatm en t w o rk s, a r e
estimated to cost a tota l of £ 4 .3  m U lion  (1974
pnices) and to involve heavy rou tin e pum ping  costs. t '  r  b
' ' « r o R v O F r . n o u N i m ’A T E R  d e v e l o p m e n t
n 60 Dr J. E. R ichey (co n su ltin g  g e o lo g is t )
ported that there was a p r o sp e c t  that
shallow b o reh o le s  in th e U pper
L och L even  b a sin  and
water f produce good y ie ld s  of grou n d-
minirnaM ^"PPly, w hich  would r e q u ir e
ofGeol Subsequently  th e In stitu te
rennrt Sciences p rep ared  a m o re  d eta iled  
i"n on the area.
e x tr e m e  drought and a 
Kinrn so u rce  ca p a c ity , the F ife
9^0mm Board d ecid ed  to d r il l  four,
120 m d eep , e x p lo r a to r y  
ereholes; two in the v ic in ity  o f
L och L even  (at s i t e  2 in F ig . IB ) and two in the 
Eden V a lley  (at s i t e s  5 and 6 in F ig . IB ). A fter  
t e s t  pum ping and c o m m iss io n in g , th e s e  b o reh o le s  
p roved  to have a com bined  y ie ld  of 10 M l/d , 
ex ceed in g  ex p ec ta tio n s  and su g g e st in g  m uch  
g r e a te r  p o ten tia l. In addition  the grou n dw ater  
quality  p roved  su ita b le  for  d ir e c t  in jec tio n  into  
the re g io n a l trunk m ain s w ithout trea tm en t  
beyond s im p le  ch lo r in a tio n .
G E O L O G I C A L  S E T T I N G
T he m ain  top ograp h ica l fea tu re  o f the a re a  is  
the tra c t  of low  ground form ed  by the Loch L even  
b asin  and S trath ed en . It i s  flanked on the north  
by the O chil H ills  and on the south by B enarty  
and the Lom ond H ills  (F ig . IB ). S trath ed en , 
w hich  tren d s n o r th -ea stw a rd s  and h as a m axim u m  
breadth  o f about 8 km , is  drained  by the R iver  
E den. The Loch L even  b a sin , w hich is  sep a ra ted  
from  S tratheden  by a low  d iv id e about 5 km  n orth ­
e a s t  of K in r o ss , is  d ra in ed  by the R iv er  L ev en .
The low  ground is  u nd erla in  by U pper Old Red  
Sandstone s tr a ta  w hich in g e n er a l dip to the 
so u th -e a s t  (F ig . 2 ). Both th e u nd erly in g  la v a s  
and a s so c ia te d  se d im en ts  o f the L ow er Old Red  
Sandstone and the la r g e ly  sh a le -sa n d sto n e  
seq u en ce  of the L ow er C arb on iferou s ab ove, 
ap pear g e n e r a lly  to be of m uch lo w er  p e r m e a b ility .
L o ca lly  a lon g  the m arg in  of the O chil H ills ,  
the b a sa l c o n g lo m er a te s  of the Upper Old Red  
Sandstone r e s t  upon the u nd erly in g  la v a s  at ou t­
cro p , but th is  n orth ern  boundary is  probably  
fo r  the m o st part fau lted  (F ig s . IB  and 2). If s o ,  
p u b lish ed  e s t im a te s  o f the o v e r a ll  th ic k n e ss  of 
the s e r ie s  (G eik ie , 1900; C h ish o lm  and D ean,
1974) a re  co n sid era b ly  too low  and the th ic k n e ss  
m ay ex ceed  1200 m . On B enarty  and the Lom ond  
H ills  the o v er ly in g  L ow er C arb on iferou s stra ta  
have b een  intruded by a la r g e  q u a r tz -d o le r ite  
sh e e t . It is  p o s s ib le  a lso  that the m ajor fault 
dow nthrow ing the C arb on iferou s ro ck s to the  
south of the Lom ond H ills  ex ten d s n o r th -ea stw a rd s  
to  unite w ith  th e Dura D en F au lt (C h ish o lm  and 
D ean, 1974), w hich  fo rm s the sou th ern  m arg in  
of the Upper Old Red Sandstone outcrop  e a s t  of 
Cupar (F ig . IB ).
T h e U pper Old Red Sandstone is  g e n e r a lly  
co n cea led  by a v e n e e r  o f b oulder c la y , w hich  is  
o v e r la in  in the a re a  around L och L even  and in  
m uch of S tratheden  by e x te n s iv e  sp re a d s of sand  
and g ra v e l of g la c ia l  o r ig in . T h e th ic k n ess  of 
th is  d rift seq u en ce  is  not known in any d eta il, 
but lo c a lly  m ay e x c ee d  10 m . It is  p o s s ib le  that 
the bou ld er c la y  is  unbroken throughout the Loch  
L even  a r e a , but in S trath ed en  the sand and 
g ra v e l a r e  known to r e s t  d ir e c t ly  upon b ed rock  
at n u m erous lo c a l i t ie s .
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Fig. lA. Introductory map with location  of ex istin g  and proposed future w ater-supp ly  so u rces
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Î the l ig h t  o f t h e  s u c c e s s f u l  d r i l l i n g  in  t h e  
er Old Bed S a n d s to n e  in  1 9 7 2 -1 9 7 3 , th e  
f ïtu te  of G e o lo g ic a l  S c i e n c e s  w a s  in v i t e d  by  
f Scottish D e v e lo p m e n t  D e p a r t m e n t  to  u n d e r ­
ake a h y d ro g e o lo g ic a l r e c o n n a i s s a n c e  o f  th e  
och Leven and S tr a th e d e n  a r e a s  w ith  t h e  
biective of d e te r m in in g  w h e t h e r  th e  g r o u n d w a t e r  
If the Upper Old R ed  S a n d s t o n e  c o u ld  b e  r e g a r d e d
a s  a  regional r e s o u r c e .
From  the outset the form  of the a v a ila b le  
riverflow  hydrographs of the Eden in d ica ted  a 
sig n ifica n t groundwater com p onent and that 
su b stan tia l infiltration and throughflow  w ere  
present in  the Upper Old Red S an d ston e. T h ere  
were no d a t a  available on n atu ra l flu ctu a tion s in 
grou n d w a ter  level, p roh ib itin g  any attem p t at a 
grou n d w a ter  balance. M o reo v er , tak ing into  
account the likely form s o f future grou n d w ater  
d ev e lo p m e n t, it was co n s id e r e d  m o re  im portan t 
to e s t a b l i s h  in som e d eta il the p e r m e a b ility  and 
storage characteristics o f the m ain  grou n dw ater  
r e s e r v o ir  a n d  to a s s e s s  the g e n e r a l n atu re of 
the g r o u n d w a t e r  flow r e g im e  and it s  r e la tio n sh ip  
to the s u r f a c e  water s y s te m . M ost e ffo r t w as  
directed to these ends, 
in th is  report the r e su lts  of th e se  in v e s t ig a t io n s , 
carried out for the m ost p art in  1974. a r e  
s u m m a r ise d  and d isc u sse d  in r e la tio n  to  p o ten tia l 
schem es of system atic d ev elo p m en t o f grou n d ­
water resources. A s p e c if ic  reco m m en d a tio n  
(or a 20 Ml/d groundwater p ilo t  s c h e m e  to p rove  
the f e a s i b i l i t y  and to ev a lu a te  any s id e - e f f e c t s  of 
heav)'groundwater a b str a ctio n  from  lim ite d  
areas during restr ic ted  p e r io d s  is  p r e se n te d .
Such a resource could be d evelop ed  for  
conjunctive use with e x is t in g  upland r e s e r v o ir  
storage, considerably extend ing  the com b ined  
net yield of both so u r c e s .
Character of G rou n d w ater  R eservo ir
m s r i G A r i o N  t e c i i m q i  e s
Numerous methods o f in v e stig a tio n  w e r e  
deployed in order to advance rap id ly  k now ledge  
of the geological and h yd rau lic  c h a r a c te r is t ic s  
of the Upper Old Red S and ston e.
Hydrogeological pum ping t e s t s  w ere  
organised at three s ite s  (2. 4 and 5 in  F ig . IB ), 
joeachcase with a s in g le  o b se r v a tio n  b o r e h o le .
0 tests were only of a r e c o n n a is sa n c e  n atu re  
ut the application of standard  a n a ly tic a l m eth od s  
or non.equilibrium drawdown data (for  ex a m p le , 
os summarised by W alton. 1962; L ohm an. 1972) 
values for the o v e r a ll t r a n s m is s iv ity  of 
^^ose strata penetrated and an in d ica tio n  o f the 
rage and boundary con d ition s o f  the grou n d- 
hteVa^^^^ (Uable 1). In terp reta tion  w as  
of or  ^ determ ination o f the m ajor le v e ls
oonce^ *' ''oiter inflow into m o st o f  th e b o r e h o le s  
oondulti^ -’ d ifferen tia l tem p e ra tu r e  and 
" r t e c h n i q u e s  and h e a t-p u lse  
others ^^°^"^Gter m e a su r e m e n ts  (T ate  and 
geolooLi c a s e s  the a s s o c ia te d
Section id en tified  b y .d ir e c t
holeteu .  ^ c lo se d -c ir c u it  u n d erw ater b o re -  
'^ tthe cam era.
alkland and K ettleb r id ge  s i t e s  (4 and 5
in F ig . IB ), the o b ser v a tio n  b o reh o le s  w ere  
p u r p o se -d r ille d  and c o r e  sa m p le s  w ere  obtained  
throughout. In addition  a co red  ex p lora tory  
b o reh o le  w as d r ille d  at M aw carse  (S ite 3 in 
F ig . IB ). T he c o r e  sa m p le s  w ere  te sted  in the 
lab o ra to ry  for  in terg ra n u la r  p erm e a b ility ,  
p o r o s ity , p o r e - s iz e  d istr ib u tio n  and cen tr ifu ge  
s p e c if ic  y ie ld . S p ec ia l e m p h a sis  w as p laced  on 
the la tte r  two p a r a m e te r s  to e s ta b lish  the extent 
to w hich the sa n d sto n es  w ere  lik e ly  to drain  
under g ra v ity .
T he co red  b o reh o le s  g re a tly  su pp lem ented  
e x is t in g  in form ation  on the lith o lo g y  o f the 
Upper Old Red Sandstone and a llow ed  so m e  
a s s e s s m e n t  of the freq u en cy  o f h o r izo n ta l 
d isc o n tin u it ie s . G eop h ysica l form ation  lo g s  
( e le c tr ic a l  r e s is t iv i ty ,  sp ontaneous p o ten tia l and 
n atu ral gam m a) w ere  run to e s ta b lish  th e ir  
v a lu e  in lo c a l and reg io n a l c o r r e la t io n  (F ig . 3A 
and 3B).
D E F I N I T I O N  OF  P R I N C I P A L  A Q U I F E R
T he Upper Old Red Sandstone c o m p r ise s  the  
fo llow in g  su b d iv is io n s , b ased  on the work of 
C h ish o lm  and Dean (1974):
4) K in n essw ood  F orm ation
3) Knox Pulp it F orm ation  
2) G len va le  F orm ation  (including  
the G len Burn M em ber at top)
1) B u rn sid e F o rm a tio n .
T he B u rn sid e and m uch of the G len vale  
F o rm ation  c o n s is t  p r im a r ily  of red -b ro w n , 
m edium  gra in ed , w e ll cem en ted , f lu v ia tile  
san d ston e  with su b ord in ate b ed s o f co n g lo m er a te  
(e s p e c ia lly  tow ards the b ase) and of s i l ty  m ud ston e. 
T he s tr a ta  p en etrated  by the M aw carse b oreh o le  
a r e  ty p ica l of th e se  form ation s (F ig . 3A) and 
have a p o ro s ity  (fi) o f 10 to 20 p er  cent and m ean  
in terg ra n u la r  p erm e a b ility  (kj^) of about 0.2 m /d  
w ith the m o st p erm e a b le  h orizon s reach in g  
1 m /d . The sa n d sto n es of the u p p erm ost 150 to  
180 m of the G lenvale F orm ation  a re  d is t in c tiv e ,  
h o w ev er , being m ain ly  y e llo w  or p a le -b ro w n  in  
co lo u r  and g e n e r a lly  fr ia b le . F o r  co n v en ien ce  
they  a r e  h ere  r e fe r r e d  to the Glen Burn M em b er.
The Knox P u lp it F o rm a tio n , of w hich  the stra ta  
en cou n tered  in the F alk land  b oreh o le  a r e  b e lie v ed  
r e p r e se n ta t iv e  (F ig . 3B ). is  about 225 to 250 m 
th ick  and c o n s is t s  m ain ly  of cr e a m , fin e to 
m edium  gra in ed , c r o ss -b e d d e d  san d ston e , 
w eak ly  cem en ted  by c a lc ite , w ith su bord in ate  
fla t o r  r ip p le -la m in a te d  b ed s . The c o a r s e r  
gra in ed  c r o ss -b e d d e d  u nits ap pear to be m o re  
p erm e a b le  and p orou s (kj^ and ^  m o re  than  
0.5  m /d  and 20 p er  cen t r e s p e c t iv e ly ) ,  but th e ir  
sp a tia l d istr ib u tio n  i s  not known.
The u p p erm ost 50 to 60 m of the Upper Old Red  
Sandstone is  s im ila r  in  p r o p e r t ie s  to the Glen  
Burn M em ber but a ls o  con ta in s d iscon tin u ou s  
bed s of c a lc a r e o u s  n od u les ( 'c o r n s to n e s ') .  T h e se  
stra ta  a re  known a s the K in n essw ood  F o rm a tio n , 
w hich  as a r e su lt  o f its  p o sitio n  and v er y  narrow  
ou tcrop  is  on ly of m in or h y d ro g eo lo g ica l  
s ig n if ic a n c e .
D uring the c o u r s e  of the p resen t  
r e c o n n a issa n c e , it b eca m e apparent that the 
upper p art of the Upper Old Red Sandstone  
form ed  the m ain  aq u ifer  of the reg io n  and w as of
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a^ble 1. Summary of r e s u lt s  of r e c o n n a issa n c e  fie ld
Pumping te s t  s i t e  K IN N E SSW O O D (2)
Geological form ation  G len Burn M em ber
( la r g e ly )
Date M arch 1974
Groundwater le v e l 128
(m AOD)
Testing rates (1 /s)  12, 25, 38
Observation b o reh o le s  One at 120 m , eq u a lly
p en etra tin g
Transmissivity (m ^ /d ) 250
Dominant hydraulic B a r r ie r  at m o r e  than
boundary 800 m , (?) fea th e r  ed ge of
G len Burn M em ber
Groundwater sto ra g e  U nconfined , co v e re d  but
conditions pum ping te s t  S (10"^)
in d ic a te s  se lf-c o n f in e m e n t
pum ping t e s t s  on Upper Old Red S and ston e. 
FALK LAND(4) K E T T L E  BRI DGE( 5)
Knox P u lp it F orm ationKnox P ulp it 
F orm ation
S ep tem b er 1974
55
8, 15
O ctob er 1974  
36
33
One at 150 m , eq u a lly  One at 350 m , p a r tia lly  
p en etra tin g  p en etra tin g
200 150
R ech arge at 200 to R ech arge  at 300 to 600 m;
500 m; probably from  strea m b ed  r e c h a r g e
cu lv e r ted  r iv e r  in of 10 to 20 1 /s from
town K ettle  Burn
U nconfined, covered ;
Sy in d eterm in a te  in  pum ping t e s t s  b e c a u se  of 
e a r ly  e f fe c ts  of boun daries
much greater w ater supply p o ten tia l than th e  
lower part. This co n c lu sio n  em e rg ed  from  
comparison of the r e su lts  of in v e s t ig a t io n s  in the  
Knox Pulpit Form ation at F a lk lan d  ( s i t e  4 in 
Fig. IB) with those in the B u rn sid e F o rm a tio n  at 
Mawcarse (site 3 in F ig . IB ). In ad d ition  to the  
difference in p orosity  and in te rg r a n u la r  
permeability (F ig . 4), d iffe r e n c e  in jo in tin g  and 
fissure.permeability d evelop m en t le a d  to a 
transmissivity of about 150 to 250 m ^ /d  in the  
case of the form er and l e s s  than 50 m ^ /d  in that 
of the latter.
The lower boundary of the m ain  a q u ifer  i s  
somewhat uncertain, but is  ten ta t iv e ly  p la ced  at 
the base of the Glen Burn M em b er on the b a s is  
of the results of in v estig a tio n s  at K in n essw ood  
(site 2 in Fig. IB ). Pum ping t e s t s  and g e o ­
physical borehole flow lo g g in g  h e r e  show ed  
relatively high tr a n sm is s iv ity  (250 m ^ /d ), w ith  
the larger part of the grou n dw ater y ie ld  (50 to  
80 per cent) being d erived  from  the upper 50 to 
80 m of strata, which a r e  thought to b elon g to 
this member.
The principal aquifer i s  thus b e lie v e d  to  
comprise the Glen Burn M em b er and the Knox 
Pulpit Formation. It h as a n arrow  ou tcrop  on the  
lower slopes of the B en arty  and Lom ond H ills  
dips south-eastw ards ben eath  the L ow er  
Carboniferous rock s, w hich  occu p y  th e h igh er  
ground (Fig. 2A). E ast of F a lk lan d  (F ig . IB ),
*  ^aquifer subcrop beneath  the d r ift  exp an ds  
considerably and extends a l l  a lo n g  the sou th  s id e
7^t’atheden (Fig. 2B). n arrow in g  aga in  and 
tsappearing east of Cupar w h ere  th e se  fo r m a ­
tons are downthrown on the south  s id e  of the  
ttura Den Fault.
U Y D H A U U C  P R O P E R r i E S  
oKnox Pulpit F o r m a tio n  h a s  r e c e iv e d  m o s t
d eta iled  in v estig a tio n  at the Falk land  and 
K ettleb r id g e  s i t e s  in S tratheden  (4 and 5 in  
F ig . IB ). At Falk land  so m e  30 p er  cen t of the  
o v e r a ll t r a n sm is s iv ity  of 200 m ^/d  ap p ea rs to be 
re p r esen te d  by in terg ra n u la r  p e rm e a b ility , with  
the c r o ss -b e d d e d  units from  30 to 40 m below  
ground le v e l  con trib utin g about 30 m ^ /d  
(F ig . 3A ). F is s u r e  p erm e a b ility , which  
co n tr ib u tes the la r g e r  p art of the o v e r a ll  t r a n s ­
m is s iv i ty ,  is  thought to be p r in c ip a lly  d evelop ed  
in  the u p p erm ost 10 to 15 m of the sa tu ra ted  zo n e .
At K ettleb r id ge  m o re  e x te n s iv e  g eo p h y s ica l  
b o reh o le  flow  in v estig a tio n s  w ere  p o ss ib le  and 
th e se  showed that about 60 p er  cen t of the grou n d ­
w a ter  y ie ld  w as d er ived  from  a r e s tr ic te d  le v e l  
around 5 m AOD (F ig . 5). T h ere  w e r e  m inor  
in flow s from  f is s u r e s  and from  the h o r iz o n s  of 
h igh er  in terg ra n u la r  p erm e a b ility  throughout the  
b oreh o le  to it s  b ase  at 75 m below  OD. T e le v is io n  
in sp e ctio n  show ed that at m o st le v e ls  w h ere  
in flow s had been  id en tified  in the flow  logg in g , low -  
an gle  f is su r in g  w as p r e se n t. S ince th is  f is su r in g  
did not ex c ee d  30° to the h o r izo n ta l, it  could  w e ll  
have been a s so c ia te d  w ith bedding and c r o s s ­
bedding fe a tu r e s , the dip of the form ation  i t s e l f  
b ein g  about 1 0 ° . T h er e  w ere  o c c a s io n a l le v e ls  
at w hich su ch  f is su r in g  w as id en tified  but w h ere  
no sig n if ica n t groundw ater inflow  ap p eared  to  
o c c u r .
At both Falk land  and K ettleb r id ge  p o s it iv e  
re ch a rg e  boun daries in the grou n dw ater flow  
sy s te m  w ere  d etec ted  (T ab le 1), ap p aren tly  
a s s o c ia te d  with m inor n a tu r a lly -lo s in g  s tr e a m s  
d escen d in g  from  the h il ls  to the sou th . T h is  
co m p lica ted  the d eterm in ation  of the sto r a g e  
co e ff ic ie n t  or s p e c if ic  y ie ld  of the ap paren tly  
unconfined a q u ifer .
In v iew  of the im p ortan ce  of sp e c if ic  y ie ld  in 
a s s e s s in g  the fe a s ib ili ty  of ce r ta in  typ es of
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F ig . 4. P e r m e a b ility /p o r o s ity  re la tio n sh ip  fo r  la b o ra to ry  sa m p les
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5. S e le c ted  g e o p h y s ic a l lo g s  from  the K ettleb r id g e  p rod uction  b o reh o le  with a s so c ia te d  
flow in te rp re ta tio n
H w a t e r  d e v e l o p m e n t ,  d e t a i l e d  i n v e s t i g a t i o n  
^ n h e o o r e - s i z e  d i s t r i b u t i o n  o f  t h e  K n o x  P u l p i t  
dstones w a s  m a d e  i n  t h e  l a b o r a t o r y  u s i n g  t h e  
r y - i n j e c t i o n  m e t h o d .  F i f t e e n  c o r e  s a m p l e s  
sh a l lo w  l e v e l s  i n  t h e  s a t u r a t e d  z o n e  o f  t h e  
F d k l a n d  a n d  K e t t l e b r i d g e  s i t e s  w e r e  s e l e c t e d  t o  
resen t  t h e  r a n g e  o f  p o r o s i t i e s  p r e s e n t  ( F i g .  4 ) .  
The r e s u l t s  ( F i g .  6 )  s u g g e s t  t h a t  6 0  t o  8 0  p e r  
t  o f  t h e  p o r o s i t y  o f  t h o s e  s a n d s t o n e s  w i t h  ^
2 0  p e r  c e n t ,  a r e  l i k e l y  t o  d r a i n  u n d e r  
g r a v i t y .  S p e c i f i c  y i e l d s  o f  o v e r  1 2  p e r  c e n t ,  a n d  
r o b a b l y  o v e r  1 5  p e r  c e n t ,  w o u l d  b e  e x p e c t e d  f o r  
L c h  h o r i z o n s .  I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  
t h e  l o w e r  p o r o s i t y  s a n d s t o n e s  ( ^  u n d e r  2 0  p e r  
c e n t )  w e r e  m u c h  m o r e  v a r i a b l e  i n  t h e i r  p o r e -  
s i z e  d i s t r i b u t i o n s  a n d  i n  c e r t a i n  c a s e s  m i g h t  h a v e  
s p e c i f i c  y i e l d s  o f  l e s s  t h a n  5  p e r  c e n t  ( F i g .  6 ) .
BOKEUOLE y i e l d  C I IA H A C T E H IS n C S  
A  c o m p a r a t i v e  p l o t  o f  t h e  a v a i l a b l e  y i e l d -  
d r a w d o w n  c h a r a c t e r i s t i c s  o f  p r o d u c t i o n  b o r e ­
h o l e s  i n  t h e  U p p e r  O l d  R e d  S a n d s t o n e  ( F i g .  7 )  
r e f l e c t s  s t r o n g l y  t h e  h y d r o g e o l o g i c a l  d i v i s i o n  
b e t w e e n  t h e  u p p e r  a n d  l o w e r  p a r t  o f  t h e  s e r i e s  
d i s c u s s e d  a b o v e .  I n  t h e  l o w e r  p a r t  o f  t h e  
s e q u e n c e  n o  y i e l d  o f  o v e r  1 0  1 / s  h a s  b e e n  
r e c o r d e d  d e s p i t e  d r a w d o w n s  i n  e x c e s s  o f  2 0  m  
( s i t e s  1 ,  3  a n d  7  i n  F i g .  I R ) ,  w h e r e a s  a l l  f i v e  
p r o d u c t i o n  b o r e h o l e s  d r i l l e d  t o  d a t e  i n  t h e  
p r i n c i p a l  a q u i f e r  h a v e  v e r y  s i m i l a r  a n d  f a r  
s u p e r i o r  Q - s  r e l a t i o n s h i p s  ( F i g .  7 ) .
I n  a d d i t i o n  t h e  b o r e h o l e s  i n  t h e  m a i n  a q u i f e r  
h a v e  s h o w n  s i g n i f i c a n t  i m p r o v e m e n t  w i t h  
c o n t i n u o u s  p u m p i n g  ( F i g .  7 ) ,  d u e  p r e s u m a b l y  t o  
d e v e l o p m e n t  o f  t h e  f i s s u r e s  a n d  t o  i n c r e a s e  i n  
e f f e c t i v e  d i a m e t e r ;  t h i s ,  h o w e v e r ,  m a y  a l s o  b e  
a c c o m p a n i e d  b y  a  m i n o r  s a n d  p u m p i n g  p r o b l e m .
T h e  p r e s e n t  c h a r a c t e r i s t i c s  s h o w  y i e l d s  o f  
o v e r  4 0  1 / s  f o r  d r a w d o w n s  o f  l e s s  t h a n  2 5  m  a n d  
s u g g e s t  t h a t  i n c r e a s e d  y i e l d s  m i g h t  b e  o b t a i n e d  
f r o m  l a r g e r  d i a m e t e r  b o r e h o l e s ,  i n  w h i c h  h i g h e r  
c a p a c i t y  p u m p s  c o u l d  b e  i n s t a l l e d .  T h e s e  m a y ,  
h o w e v e r ,  n o t  b e  e c o n o m i c  e s p e c i a l l y  i f  t h e  b o r e ­
h o l e  y i e l d  c h a r a c t e r i s t i c s  ' b r e a k a w a y *  a t  l a r g e r  
d r a w d o w n s .  I n  t h e  c a s e  o f  t h e  K e t t l e b r i d g e  
b o r e h o l e  f o r  e x a m p l e ,  t h e  r e s u l t s  o f  t h e  g e o ­
p h y s i c a l  f l o w  l o g g i n g  ( F i g .  5 )  l e a d  o n e  t o  e x p e c t  
t h a t  t h e  Q - s  r e l a t i o n s h i p  w i l l  f a l l  o f f  r a p i d l y  
f o r  d r a w d o w n s  i n  e x c e s s  o f  3 0  m ,  c o r r e s p o n d i n g  
t o  t h e  l e v e l  o f  m a j o r  f i s s u r e  i n f l o w .
Hydrogeology of Stratheden and  
Loch Leven Areas
^'^OVmWATEIi F L O W  R E G I M E  
T h e  v e r y  l i m i t e d  d a t a  o n  n a t u r a l  g r o u n d w a t e r  
® v e l s  i n  t h e  U p p e r  O l d  R e d  S a n d s t o n e  a r e  i n t e r -  
e d  i n  F i g .  8 ; t h i s  p i c t u r e  i s  t h o u g h t  t o  b e  
^ p r e s e n t a t i v e  o f  t h e  1 9 7 1 - 1 9 7 4  d r o u g h t s  a n d  
j e r a  1 f l u c t u a t i o n s  a r e  p r o b a b l y  o n l y  o f  t h e  
that^^  ^ ^ 0  4  m .  I t  s h o u l d  b e  n o t e d  h o w e v e r ,  
p r e s ^ T ° ^  P a r c h e d  w a t e r  t a b l e s  m a y  a l s o  b e
s o m e  l o c a l i t i e s  o n  t h e  h i g h e r  g r o u n d  
g  t h e  s o u t h e r n  f l a n k  o f  t h e  v a l l e y .
r e c h a r g e  o f  t h e  g r o u n d w a t e r  
s o u r c e ^ M : ? ' ^  b e l i e v e d  t o  o r i g i n a t e  f r o m  t h r e e  
^6 * 9 ) ;  a )  d i r e c t  i n f i l t r a t i o n  o f
p r e c i p i t a t i o n  a t  th e  o u tc ro p ,  b) s m a l l  lo s i n g -  
s t r e a m s  d e s c e n d in g  f r o m  th e  h i l l s  f lank ing  the  
v a l l e y ,  p a r t i c u l a r l y  on i t s  s o u th e r n  s id e ,  w hich  
a r e  fed bo th  by s u r f a c e  r u n - o f f  and  sp r in g f lo w  
f r o m  m in o r  b o d ie s  of p e r c h e d  g r o u n d w a te r  in*the 
C a r b o n i f e r o u s  r o c k s ,  c) p r e c ip i t a t i o n  in f i l t r a t in g  
the  m o r e  p e r m e a b l e  d r i f t  d e p o s i t s  (m u ch  of t h i s ,  
ho w ev e r ,  m a y  e n t e r  sh a l lo w  g r o u n d w a te r  
c i r c u l a t i o n  and  be d i s c h a r g e d ) .  T h e  e x i s t e n c e  of 
r e l a t i v e l y  r e c e n t  r e c h a r g e  to  th e  m a in  a q u i f e r  
is  c o n f i r m e d  by th e  l e v e l s  of t h e r m o n u c l e a r  
t r i t i u m  in th e  K in n es sw o o d  and  K e t t l e b r id g e  
s o u r c e s  (in a l l  c a s e s  o v e r  35 T U  and in  th e  c a s e  
of the  K in n es sw o o d  No. 1 b o r e h o le  i n c r e a s i n g  
f r o m  46 T U  to  67 T U  th r o u g h  th e  w in t e r  of 
1973-1974).
T h e  m e a n  l o n g - t e r m  a v e r a g e  a n n u a l  
p r e c ip i t a t i o n  f o r  S t r a th e d e n  e x c e e d s  th e  p o te n t i a l  
e v a p o r a t io n  by abou t 330 m m  an d  in th e  u p p e r  
p a r t  of th e  E d en  c a tc h m e n t  and  in  th e  L o ch  L e v e n  
a r e a ,  h e a v i e r  r a in f a l l  m e a n s  th a t  th i s  f ig u r e  
a p p r o a c h e s  500 m m  (T a b le  2). On th e  E a s t  
F i f e  c o a s t  i t  i s  p r o b a b ly  n e a r e r  200 m m .  W ith  
th e  c o m p le x  g r o u n d w a te r  r e c h a r g e  r e g i m e  
h o w e v e r ,  i t  i s  i m p r a c t i c a l  to  a t t e m p t  to 
e v a lu a te  d i r e c t ly  the  v a r io u s  s o u r c e s  and  an  
a s s e s s m e n t  of v o lu m e  of. g r o u n d w a te r  in  n a t u r a l  
c i r c u l a t i o n  h a s  to be a p p r o a c h e d  f r o m  know ledge  
of the  g r o u n d w a te r  d i s c h a r g e .
S U R F A C E  W A T E R / G R O U N D W A T E R  
R E L A T I O N S H I P S
T h e  g r o u n d w a te r  l e v e l  c o n to u r s  in  F ig .  8 show 
th e  g e n e r a l  d i r e c t i o n s  of s u b s u r f a c e  d r a in a g e .
In the  c e n t r a l  and  w e s t e r n  p a r t  of S t r a th e d e n ,  the  
m a j o r  co m p o n e n t  of g r o u n d w a te r  flow is  
d i r e c t e d  to w a r d s  th e  R iv e r  E den  w ith  a  s u b ­
o r d in a t e  co m p o n e n t  of u n d erf lo w  p a r a l l e l  to  the  
r i v e r  i t s e l f .  D o w n s t r e a m  a t  C u p a r ,  w h e r e  the  
v a l le y  h a s  n a r r o w e d  so m e w h a t ,  th e  g r o u n d w a te r  
u n d e r f lo w  i s  p ro b a b ly  only  of th e  o r d e r  of 1 to
2 M l / d  (0.01 to  0.02 c u m e c s )  and in s ig n i f i c a n t  in  
r e l a t i o n  to  th e  r iv e r f lo w .  In the  u p p e r  p a r t  of th e  
c a tc h m e n t ,  a t  the  G a te s id e  r i v e r  gaug ing  s t a t io n  
f o r  e x a m p le ,  the  g r o u n d w a te r  u n d e r f lo w  is  abou t
3 to  5 M l /d  (0.03 to  0.06 c u m e c s )  and  in  d r o u g h t  
c o n d i t io n s  m ay  w e l l  a p p r o a c h  th e  r iv e r f lo w ;  
ex p la in in g  th e  r e l a t i v e ly  s m a l l  g r o u n d w a te r  
co m p o n e n t  of to t a l  r i v e r  d i s c h a r g e  a t  th i s  s ta t io n ,  
w hen  b e a r in g  in m in d  th a t  60 to  70 p e r  ce n t  of i t s  
c a tc h m e n t  a r e a  is  f o r m e d  of U pper  Old Red 
S an d s to n e  (T a b le  2). T h e  l a r g e  p r o p o r t i o n  of 
u n d e r f lo w  r e n d e r s  th i s  s t a t io n  u n s u i t a b le  fo r  
w a t e r  b a la n c e  c a lc u la t io n s  d e s p i t e  i t s  h o m o ­
g e n e o u s  g e o lo g ic a l  c h a r a c t e r  and l im i te d  
ex te n s io n .
In S t r a th e d e n  th e  m a j o r  co m p o n en t  of l a t e r a l  
g r o u n d w a te r  flow le a d s  to  th e  d e v e lo p m e n t  of 
i m p o r t a n t  g r o u n d w a te r  d i s c h a r g e s  on th e  lo w e s t  
ly in g  g ro u n d ,  in ho l lo w s  and a lo n g  th e  lo w e r  
r e a c h e s  of th e  t r i b u t a r y  s t r e a m s ,  w h e r e  the  d r i f t  
d e p o s i t s  a r e  th in n e s t ,  and  to  a  l e s s e r  ex ten t  
d i r e c t l y  th ro u g h  th e  bed of th e  E d en  (F ig .  9).
It i s  l ik e ly  th a t  land  d r a i n s  h a v e  e l im in a te d  m any  
s e e p a g e  a r e a s  and  th a t  th e y  co n d u c t  g r o u n d w a te r  
d i s c h a r g e  to  th e  E d e n  R i v e r .
T h e  r i v e r f lo w  h y d r o g r a p h s  f o r  the  E den  
(F ig .  10 ) r e f l e c t  th e  s ig n i f i c a n c e  of g r o u n d w a te r
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Table 2, Summary of r iv e r f lo w  a n a ly s is  and co r re sp o n d in g  m e te o r o lo g ic a l  data.
Eden subcatchm ent K EM B A C K GA TESID E
2
Surface ca tc h m en t  a r e a  (km  ) 307 21
Upper Old Red S a n d s to n e  s u b - s u r f a c e  
catchment a r e a  (km  ) 126 15
1968 - 1969 51 000 (40%)
Groundwater co m p o n e n t  of 1969 - 1970 46 000 (59%) _
riverflow (M l/a )  ( d e t e r m in e d  by b a s e - 1970 - 1971 53 000 (50%) -
flow separation , p e r c e n t a g e  of t o t a l 1971 - 1972 44 000 (44%) 2 500 (34%)
riverflow in p a r e n t h e s i s ) 1972 - 1973 32 000 (65%) 1 900 (45%)
Precipitation ( m m / a )  (K e m b a c k 1968 - 1969 796 e
taken as a v e ra g e  of L e u c h a r s , 1969 - 1970 703 e .
Pitlair, West Hall and  G a te s id e 1970 - 1971 627 e _
gauges) 1971 - 1972 637 730
1972 - 1973 475 588
l o n g - t e r m 795 940
(1931 - 1960)
m e a n
Mean potential e v a p o r a t io n  ( m m / a ) 465 440 e
e - estimated b e c a u s e  c o r r e s p o n d i n g  d a t a  a r e  in c o m p le te .
flow in the ca tc h m en t  h y d r o lo g y  by the  r e l a t i v e l y  
steady low flows. Both th e  K e m b a c k  an d  G a te -  
side hydrographs a p p e a r  to  c o m p r i s e  t h r e e  
principal com ponents w ith  r e c e s s i o n  c o n s t a n t s  
of 0.25 and g r e a te r ,  abou t  0 .02 and  0 .003 : k, 
the recession co n s tan t ,  b e in g  d e f in e d  by th e  
equation Q = Q^e ( B a r n e s ,  1939). T h e  f o r m e r  
represents su r fa ce  r u n - o f f ,  m a in ly  f r o m  th e  
steeper areas  of L o w e r  Old R ed  S a n d s to n e  l a v a s  
in the north-west of the  c a t c h m e n t  an d  of L o w e r  
Carboniferous ro c k s  in th e  s o u t h - e a s t  ( F ig .  8 ).
The latter would d e f in i te ly  a p p e a r  to  be d i s c h a r g e  
from the deep g r o u n d w a te r  flow s y s t e m  o f  the  
Upper Old Red S an d s to n e .  T h e  i n t e r m e d i a t e  
component is m o re  d if f icu l t  to  a s c r i b e  to  a  
specific physical r u n - o f f  p r o c e s s  but m a y  a l s o  
be groundwater f ro m  s h a l lo w  c i r c u l a t i o n  s y s t e m s  
in the more p e r m e a b le  of th e  d r i f t  d e p o s i t s .
A separation of the  m a j o r  g r o u n d w a t e r  
component of r iv e r f lo w  d e r i v e d  f r o m  th e  U p p e r  
Old Red Sandstone ca n  be m a d e  w ith  r e a s o n a b l e  
confidence (Fig. 10) and  a c o n s e r v a t i v e  e s t i m a t e  
of its volume dur ing  th e  p e r io d  of a v a i l a b l e  
riverRow data a p p e a r s  in T a b l e  2. A bove  
eniback the g ro u n d w a te r  d i s c h a r g e  v a r i e d  f r o m  
“  000 m  in the h y d r o lo g ic a l  y e a r  19 7 2 -1 9 7 3  to 
000 Ml in 1968-1969 and  th e  d i s c h a r g e  n e v e r  
 ^ below 69 M l/d  (0.8  c u m e c s )  ev e n  in  e x t r e m e  
fought. When v iewing  th e  d a t a  in  T a b l e  2 i t  
® ould be borne in m ind  th a t  th e  p r e c i p i t a t i o n  in 
J  m for the e n t i r e  p e r i o d  1969-197  3 w a s  
1972 below th e  long  t e r m  m e a n  an d  in
fbalh 60 p e r  c e n t  of a v e r a g e ,  and
exte ev idence s u g g e s t s  th a t  o v e r
the of the U p p e r  Old Red  S a n d s to n e
w a te r  t a b le  in 1973 w as  c o n s id e r a b l y  
by a s  m u c h  a s  2 m ,
5 hat som e 15 000 Ml of th e  t o t a l  b a s e -
flow cou ld  h av e  bee n  d e r iv e d  f r o m  g r o u n d w a te r  
s t o r a g e .  C o n c u r r e n t  ch a n g e s  in s o i l  m o i s t u r e  
a l s o  a f f e c t  w a te r  b a la n c e  c a lc u la t io n s ,  but i t  i s  
s t i l l  c e r t a i n  th a t  o v e r  m u c h  of th e  U p p e r  Old 
Red S an d s to n e  a  l a r g e  p r o p o r t i o n  of th e  e x c e s s  
r a in f a l l  (of 330 m m )  in f i l t r a t e s  and  su c h  in f i l ­
t r a t i o n  is  s u p p le m e n te d  by n a t u r a l  s t r e a m - b e d  
r e c h a r g e .
T h e  g r o u n d w a te r  d iv id e  b e tw e en  th e  E d e n  
V a l le y  and  th e  L och  L e v e n  b a s in  can  be 
d e f in e d  on th e  b a s i s  of th e  g r o u n d w a te r  l e v e l  
c o n t o u r s  (F ig .  8 ) and  d i f f e r s  on ly  s l ig h t ly  f r o m  
th e  s u r f a c e  w a te r  d iv id e .  T h e  g r o u n d w a te r  flow 
r e g i m e  in th e  L och  L ev e n  b a s in  i s  no t  fu lly  
e s t a b l i s h e d .  It i s  s u g g e s te d  th a t ,  a s  a  r e s u l t  
of th e  m o r e  e x t e n s iv e  and  p e r h a p s  u n b ro k e n  
b o u ld e r  c la y  c o v e r  on th e  lo w e r  ly ing  g ro u n d ,  
g r o u n d w a te r  r e c h a r g e  w il l  be l a r g e l y  r e s t r i c t e d  
to  th e  b o u ld e r  c l a y - f r e e  e a s t e r n  and  n o r t h e r n  
f la n k s  of th e  b a s in .  T h e r e f o r e  i t  m u s t  be 
l im i t e d  and  i s  not l ik e ly  to  e x c e e d  8 p e r  c e n t  of 
th e  to ta l  w a t e r  b a la n c e  of the  lo c h ,  w h o se  m e a n  
inflow  is  121 000 M l / a  (Sm ith ,  1973). M ost  of th e  
g r o u n d w a te r  d i s c h a r g e  a p p e a r s  .to be a t  s p r i n g s  
an d  s e e p a g e  a r e a s  fee d in g  m in o r  s t r e a m s  f low ing  
in to  th e  lo c h ,  though  t h e r e  i s  a p o s s i b i l i t y  of 
s o m e  d i r e c t  d i s c h a r g e  th ro u g h  i t s  bed  a t  th e  s i t e s  
of  k e t t l e - h o l e s ,  w h e r e  th e  t h i c k n e s s  of th e  b o u ld e r  
c l a y  m u s t  be g r e a t l y  r e d u c e d  (F ig .  2A).
G R O L ^ N D W A  T E R  C H E M I S T R  V
T h e r e  a r e  on ly  l im i t e d  a n a l y s e s  a v a i l a b le  on 
th e  c h e m i s t r y  of th e  U p p e r  Old Red S an d s to n e  
g r o u n d w a te r s  and a l l  r e f e r  to  p u m p e d  w a te r  
s a m p l e s .  T h e  m o s t  c o m p le t e  d a ta  a r e  f r o m  th e  
s i t e s  d e v e lo p e d  f o r  p u b l ic  su p p ly  (T a b le  3). In 
a d d i t io n  o c c a s io n a l  p a r t i a l  a n a l y s e s  a r e  a v a i l a b le  
f o r  f o u r  f u r t h e r  b o r e h o le s  in the  L o ch  L e v e n
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kasln and five in S trath ed en .
general g r o u n d w a te r s  a p p e a r  to  h a v e  good 
• organic and o rg a n ic  q u a l i ty ,  but a r e  m o d e r a t e l y  
d The tota l h a r d n e s s  i s  n o ta b ly  h ig h e r  in  th e  
kettlebridge/Balmalcolm s o u r c e s  th a n  a t  t h o s e
the Upper Eden V a lley  and  L o c h  L e v e n  b a s in  
L  example. F a lk la n d  and  K in n e s sw o o d )  and  is
Tto I r ld  20 to  25 m f / 1^
This may re f lec t  a g r e a t e r  p r o p o r t i o n  of s t r e a m -  
bed recharge in the  c a s e  of the  f o r m e r  and  the  
fact that the ov er ly in g  b a s a l  L o w e r  C a r b o n i f e r o u s  
strata have a m uch w id e r  o u tc r o p .
There is l im ited  e v id e n c e  to  s u g g e s t  a g e n e r a l  
increase in d is so lv ed  c o n s t i t u e n t s  d o w n s t r e a m  
of Cupar, where m o s t  of th e  g r o u n d w a te r  i s  h e ld  
in confined s to r a g e .  In a g r o u n d w a te r  r e s e r v o i r  
extending to c o n s id e r a b l e  d e p th s  be low  p r e s e n t  
sea level, the p r e s e n c e  of i n c r e a s i n g l y  s a l i n e  
water at depth m u s t  be e x p e c t e d  ( F ig .  7). 
C o n d u c t i v i t y  logging a t  the  K e t t l e b r id g e  s i te ,  
however, proved f r e s h  g r o u n d w a te r  a t  l e a s t  to  
below -75 m OD.
Groundwater Resources: E valu ation  
and Development
P E R E N N I A L  S fV T L K  O K  C O N J V N C T I l ’E  U S E ?
The preceding s e c t i o n s  h a v e  d e m o n s t r a t e d  the  
existence of an im p o r ta n t  r e g io n a l  a q u i f e r ,  w h ich  
permits substantia l a b s t r a c t i o n  f r o m  in d iv id u a l  
boreholes and p o s s e s s e s  m a j o r  s t o r a g e .  How 
should this r e s o u r c e  b e s t  be  d e v e lo p e d ?
In Stratheden con v e n tio n a l  g r o u n d w a te r  d e v e lo p ­
ment for perennial su p p ly  ( b a s e lo a d  s o u r c e s )  
will involve some r e d u c t io n  of  low f low s  in the  
Eden, no effluent be ing  g e n e r a t e d  b e c a u s e  the  
main area of w a te r  d e m a n d  is  o u t s id e  an d  w ell  
to the south of the c a t c h m e n t .  I n t e r e s t  in th e  low 
flow of the Eden is p r i m a r i l y  f o r  d i lu t io n  of 
sewage effluents (S c o tt ish  D e v e lo p m e n t  D e p a r t ­
ment, 1972), pending c o n s t r u c t i o n  of tw o new 
treatment works fo r  C u p a r  (S p r in g f ie ld )  and  f o r  
the Auchtermuchty/ F a lk l a n d /  L a d y b a n k  a r e a .  
Currently there is  s u b s t a n t i a l  r i v e r  p o l lu t io n  
locally in drought.
Since the flow of the  E d e n  in e x t r e m e  d ro u g h t  
is over 40 Ml/d a t  P i t l e s s i e  a n d  a l m o s t  70 M l /d  
St Kemback (Fig. 8 ), t h e r e  w ou ld  a p p e a r  to  be  
some capacity for g r o u n d w a te r  d e v e lo p m e n t  a s  
base-load sources  ( p e r h a p s  up to  a  to t a l  of 
10 Ml/d), bearing in m in d  th e  e x c e p t io n a l ly  
economical water supp ly  p r o d u c e d .  M o r e o v e r  
internal use of g r o u n d w a te r ,  p e r h a p s  in v o lv in g  
ciberately induced r e c h a r g e  f r o m  th e  E d e n  
or industry in the C u p a r  a r e a  f o r  e x a m p le  i s  to  
c encouraged p rov id ing  the  e f f lu e n t  r e t u r n e d  
0^ e river is of t o l e r a b l e  q u a l i ty .  H o w e v e r ,  
c arge.scale p e r e n n ia l  d e v e lo p m e n t  of g r o u n d -  
fc)r e x p o r t  f r o m  S t r a th e d e n  
qjj. appear d e s i r a b l e  u n t i l  su c h  t i m e  a s  th e  
e ff luen t d i s c h a r g e d  to  th e  
improved.
to th e  L och  L e v e n  
censer'' r w a t e r  i n t e r e s t s  in c lu d e  lo c h  
on tbe Z  a m e n i ty  and  t h o s e  of i n d u s t r y
iver Leven, w hose  d i s c h a r g e  is  r e g u la t e d
by th e  lo c h .  H e r e ,  h o w e v e r ,  a l im i t e d  p e r e n n i a l  
g r o u n d w a te r  d e v e lo p m e n t  of 10 M l / d  would , a t  the  
o u ts id e  d u r in g  an  a b s o lu te  d ro u g h t  of 100 d a y s  
d u r a t i o n ,  r e p r e s e n t  a  f a l l  of on ly  0.07 m  in loch  
l e v e l  - th i s  c o m p a r e d  to  a  m e a n  an n u a l  
f lu c tu a t io n  of a b o u t  0.4 m  (Sm ith .  1973).
Such r e s t r i c t i o n s  on p e r e n n i a l  g r o u n d w a te r  
d e v e lo p m e n t  do not e l im in a t e  th e  p o s s i b i l i ty  of 
l a r g e - s c a l e  e x p lo i ta t io n  of th e  g r o u n d w a te r  
r e s o u r c e s .  T h e  Knox P u lp i t  F o r m a t i o n  in 
p a r t i c u l a r  i s  known to h a v e  v e r y  l a r g e  v o lu m e s  
of f r e s h  g r o u n d w a te r  in s t o r a g e  (p ro b a b ly  500 to 
750 M l / k m ^ / 5  m  of s a tu r a t e d  t h i c k n e s s ) .  T h e  
p r o b l e m  is  how to  d eve lop  th i s  s t o r a g e  w hile  m i n i ­
m is in g  i n t e r f e r e n c e  w ith  r iv e r f lo w .  C o n s id e r a t io n  
of th e  h y d r a u l i c  p r o p e r t i e s  of th e  m a in  a q u i f e r  in 
S t r a th e d e n  (T and S of th e  o r d e r  of 150 m ^ / d  and
0.15 r e s p e c t i v e ly ) ,  i t s  d i s t r i b u t io n  and  i t s  
d i s c h a r g e  s u g g e s t s  th a t  t h e r e  i s  a  good p r o s p e c t  
of be ing  a b l e  to  a b s t r a c t  r e l a t i v e ly  l a r g e  v o lu m e s  
of  g r o u n d w a te r  f r o m  s t o r a g e  fo r  r e s t r i c t e d  
p e r i o d s  in l im i t e d  a r e a s  w ithou t m u c h  i n t e r ­
f e r e n c e  w ith  the  s u r f a c e  f low. Should t h i s  p r o v e  
f e a s ib l e  in  a r e a s  c lo s e  to t r u n k  m a in s  th e  b o r e ­
h o le s  cou ld  be  u s e d  c o n ju n c t iv e ly  w ith  up land  
r e s e r v o i r s .  G iven  su f f i c ie n t  m a in s  c a p a c i ty ,  
t h i s  would a l low  an  i n c r e a s e d  r a t e  of o f f - ta k e  
f r o m  the  r e s e r v o i r s  in th e  w e t t e r  m o n th s ,  
d r a w in g  i n c r e a s i n g l y  on th e  g r o u n d w a te r  s t o r a g e  
in  d ro u g h t  ( th a t  i s .  o p e r a t in g  th e  b o r e h o le s  a s  a 
t r o u g h - f i l l i n g  s o u r c e ) .
In  e v e r y  c a s e  t h e r e  would  p r o b a b ly  be  a l m o s t  
t o t a l  in t e r c e p t io n  of the  g r o u n d w a te r  d i s c h a r g e  
to  th e  r i v e r  s y s t e m  (F ig .  9) in  th e  v ic in i ty  of the  
w e l l  f ie ld ,  but th i s  m a y  not invo lve  m o r e  than  
a b o u t  5 M l /d  and  cou ld  p e r h a p s  be m a d e  good by 
c o m p e n s a t io n  b o r e h o le s .  T h e  m o s t  c r i t i c a l  
a s p e c t  o f  th i s  ty p e  of d e v e lo p m e n t  would be th e  
d e g r e e e  of i n t e r f e r e n c e  b e n e a th  th e  bed  of the  
E d e n  i t s e l f  d u r in g  th e  m a x im u m  r e q u i r e d  p e r io d  
o f  p u m p in g  ( e s t i m a t e d  to  be abou t  150 days )  and  
th e  r i s k  of d im in i s h in g  r iv e r f lo w  by induc ing  
r i v e r b e d  r e c h a r g e .  P ro v id in g  th a t  u n d e r  hea v y  
p u m p in g  the  a q u i f e r  h a s  a  s t o r a g e  c o e f f ic ie n t  
n e a r e r  0.15 than  0.01 and  th a t  th e  w e l l - f i e ld  is  
s i t u a te d  o v e r  1 km  f r o m  th e  r i v e r ,  the  c h a n c e  
of r iv e r f lo w  d e p le t io n  by th i s  m e c h a n i s m  would 
a p p e a r  s l i g h t  ( F ig .  11), a l s o  b e a r in g  in  m ind  
th a t  th e  v e r t i c a l  p e r m e a b i l i t y  in  th e  v ic in i ty  of 
the  r i v e r b e d  is  l ik e ly  to be m uch  lo w e r  th a n  the  
h o r i z o n t a l  p e r m e a b i l i t y  of the  a q u i f e r .  I n t e r ­
m i t t e n t  g r o u n d w a te r  d e v e lo p m e n t  fo r  c o n ju n c t iv e  
u s e  i s  f u r t h e r  d i s c u s s e d  below , in r e l a t io n  to  the  
p r o p o s e d  g r o u n d w a te r  p i lo t  s c h e m e .
It i s  p o s s i b l e  th a t  a  s m a l l  w e l l - f i e ld  cou ld  be 
d e v e lo p e d  in  the  e a s t  o r  so u th  of th e  L och  L ev e n  
b a s in  to  a u g m e n t  low flow s in th e  R i v e r  L ev e n  
f o r  r e s t r i c t e d  p e r i o d s .  F u r t h e r  in v e s t ig a t io n  
would  be r e q u i r e d  to  e v a lu a te  th e  t im e  la g  in the  
s p r e a d  of i n t e r f e r e n c e  l a t e r a l l y  and v e r t i c a l l y  to 
lo c h  an d  r i v e r  an d  th u s  to  e s t a b l i s h  f e a s ib i l i ty .
F I F E  ( K I N G S K E T T L E )  G R O U N D W A T E R  P l L O l  
S C H E M E
T h e  p r o s p e c t s  of o b ta in in g  a h igh  y ie ld  f r o m  
g r o u n d w a te r  s t o r a g e  fo r  l im i te d  p e r io d s  in 
d ro u g h t  a r e  good and  it i s  r e c o m m e n d e d  th a t  a 
p i lo t  s c h e m e  be d ev e lo p e d  to  c o n f i r m  the
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ibility a n d  to  d e t e r m i n e  th e  d e g r e e  of i n t e r -  
e with the R iv e r  E d e n .  A m a j o r  e x p lo i ta -  
g r o u n d w a t e r  r e s o u r c e s  sh o u ld  b e  s ta g e d
have a r e s e a r c h  c o m p o n e n t  a s  the  c o s t  of 
complete inves tiga tion  p r i o r  to  any  d e v e lo p m e n t  
mav be excessive.
The simplest and m o s t  e c o n o m ic a l  a r e a  in w hich  
to develop a pilot s c h e m e  is  a t  K in g s k e t t l e  
. ^2), u t il is ing  th e  e x i s t i n g  p r o d u c t i o n  b o r e -
i iL in the v ic in ity .   ^ A f u r t h e r  t h r e e  p r o d u c t io n  
boreholes, at a sp a c in g  of 300 to 500 m ( F ig .  11). 
■ould need to be d r i l l e d  an d  c o m m i s s i o n e d  (a t a 
cost of £75 000. 1974 p r i c e s )  to  r e a c h  th e  
minimum p ra c t ic a b le  p i lo t  s c h e m e  y ie ld  of 20 
Ml/d. The s u c c e s s  of th e  s c h e m e ,  th e  i n t e r ­
ference with the s u r f a c e  w a t e r  c o u r s e s  an d  o th e r  
side.effects would be a s s e s s e d  th r o u g h  the  h y d r o ­
metric network d e ta i le d  in F ig .  12; th i s  n e tw o r k  
is estimated to c o s t  s o m e  £25 000 (1974 p r i c e s ) .  
The absolute m a x im u m  d r a u g h t  on a q u i f e r  
storage of 3000 Ml (20 M l / d  f o r  150 d a y s )  d e r iv e d  
from an area of abou t 10 k m 2  w ould  r e q u i r e  300 
mm of infiltration f o r  r e p l e n i s h m e n t ,  but of 
course, it would not be a b s t r a c t e d  e v e r y  y e a r .
If the pilot s c h e m e  w e r e  s u c c e s s f u l  t h e r e  w ould  
exist the possib ility  of f u r t h e r  d e v e lo p m e n t  of a 
similar type along the  s o u th e r n  f lank  of th e  E d en  
Valley in the d i r e c t io n  of F a lk l a n d .  In th e  e v e n t  
of unacceptable d im in u t io n  of r i v e r f l o w .  t h r e e  
of the pilot schem e b o r e h o le s  c o u ld  p r o b a b ly  be 
operated as b a s e - lo a d  s o u r c e s  r e t a in in g  th e  
other two as an e m e r g e n c y  s t a n d - b y .
E X i m t l N C E  A i \ ’l )  A U l  A M T A d E S  O F  
m V N D W A T F J i  I S F  
After two y ea rs  e x p e r i e n c e  o f  o p e r a t i n g  the  
existing Upper Old Red S a n d s to n e  b o r e h o l e s ,  
during which tim e o v e r  2000 Ml of  g r o u n d w a te r  
have been ab s t ra c te d ,  a n u m b e r  of p o in ts  c a n  b e  
confirmed.
1* It is acceptable to th e  m a j o r i t y  of  c o n s u m e r s  
without dilution and s u p e r i o r  in q u a l i ty  to  p a r t i a l l y  
treated water f rom  up land  r e s e r v o i r s ,  w h ich  h av e  
occasioned frequent c o n s u m e r  c o m p la i n t s  in the  
past.
2. The injection of g r o u n d w a te r  d i r e c t l y  in to  
trunk mains a f te r  s im p le  c h l o r i n a t i o n  h a s  r a i s e d  
no serious sedim ent o r  g r o w th  p r o b l e m s .
2* In spite of i n c r e a s i n g  c o s t  o f  e l e c t r i c a l  
power, groundwater w as  p r o d u c e d  a t  a  t o ta l  c o s t  
of less than 1.3 p /m ^  w hen  bu lk  im p o r t e d  w a t e r  
'vas costing 4.6 p /m ^ .
In general the d e v e lo p m e n t  o f  g r o u n d w a te r  
''^sources, when a v a i l a b le ,  h a s  m a n y  s ig n i f i c a n t  
Advantages.
g production b o r e h o le  in  th e  a r e a  h a s  
"countered s ign ifican t o r g a n ic  g r o u n d w a te r  
^Mtion, including p h e n o ls .  T h i s  a p p e a r s  to 
^^ hve from e a r l i e r  e f f lu en t  d i s p o s a l  of a  now 
ë^ sw o rk s .  T h e  y ie ld  of th e  b o r e -  
6 m ^ o s t  e n c o u r a g in g  (50 1 / s fo r
ex te n t  of the  p o l lu t io n  
Alcont° ^s^^hlished h o w e v e r  an d  a m e th o d  
^ lirn ination  d e s ig n e d  b e f o r e  p r o -  
S'vith the p r o p o s e d  p i lo t  s c h e m e .
1. An i n s t a l l a t i o n  m a y  be  d e s ig n e d  and 
c o n s t r u c t e d  r a p id l y  (in m u c h  l e s s  than  12 m o n th s  
in a c a s e  of e m e r g e n c y )  an d ,  in S co tla n d ,  is  
s u b je c t  to  on ly  the  m in im u m  of s t a tu to r y  c o n t ro l .
2. A b o r e h o le  s o u r c e  m a y  b e  s i t e d  on a p lo t  
l e s s  th a n  10 m  s q u a r e  a n d  w ith  m o d e r n  e l e c t r i c  
s u b m e r s i b l e  p u m p s  the  e n t i r e  i n s t a l l a t i o n  ca n  be 
u n o b t r u s iv e  w ith  only  a s m a l l  s u r f a c e  c a b in e t  
c a p a b le  of h o u s in g  the  p o w e r - s u p p ly  c o n t r o l s  and 
i n s t r u m e n t a t i o n  f o r  an  e n t i r e  g ro u p  of b o r e h o le s .
3. G ro u n d w a te r  d e v e lo p m e n t  in  i t s  s i m p l e s t  
f o r m  of d i r e c t  in je c t io n  in to  e x i s t in g  t r u n k  m a in s  
in v o lv e s  th e  l e a s t  un it  c a p i t a l  c o m m i tm e n t ,  only  
25 p e r  c e n t  of th a t  r e q u i r e d  f o r  a p u m p e d  r i v e r  
in ta k e  s c h e m e  w ith  t r e a t m e n t ,  l ik e  th e  p r o p o s e d  
R i v e r  E a r n  p r o j e c t ,  an d  15 p e r  ce n t  of th a t  
r e q u i r e d  fo r  an  up land  im p o u n d in g  r e s e r v o i r  w ith  
t r e a t m e n t  w o rk s ;  f o r  th i s  r e a s o n  i t  i s  th e  id e a l  
f o r m  of s t a n d - b y  c a p a c i ty  s u i t e d  to  ’m o th b a l l in g '  
and  r e c o m m i s s i o n i n g  a s  n ee d  a r i s e s ,
4. T h e  d e v e lo p m e n t  of a m a j o r  b o r e h o le  
p r o j e c t  c a n  p r o c e e d  g r a d u a l ly  a t  a  s i m i l a r  r a t e  
to  th e  g ro w th  of d e m a n d  ( th is  i s  a  p o s i t iv e  a d v a n ­
ta g e  g iv e n  a p r o g r a m m e  of c o n c u r r e n t  r e s e a r c h  
an d  a p p r a i s a l  of th e  s p a c in g  and  lo c a t io n  of 
b o r e h o l e s  and  of i n t e r a c t io n  w ith  r iv e r f lo w ) .
5. G ro u n d w a te r  s t o r a g e  is  m o r e  r e l i a b l e  than  
r i v e r f lo w  in  e x t r e m e  d r o u g h ts  and r e p r e s e n t s  a 
m a j o r  r e s o u r c e  u n d e r  su c h  c o n d i t io n s  w hich ,  
g iv e n  in s t a l l e d  b o r e h o le  c a p a c i ty ,  c a n  be u s e d  to 
p r o t e c t  the  c o n s u m e r  f r o m  t h e i r  e f f e c t s .
6 . T h e  e x i s t e n c e  of a c o m p le x  of b o r e h o le s  in 
th e  E d en  V a lley  w ould  open  up th e  p o s s i b i l i t y  of 
p r o v id in g  a  c o n c e n t r a t e d  ' f r e s h e t '  o f  d i s c h a r g e  
to  th e  r i v e r  f o r  a  s h o r t  p e r io d  to  c o m b a t  heavy  
sp o t  p o l lu t io n  o r  to  c o n s e r v e  f i sh in g  i n t e r e s t s .
At th e  s a m e  t im e  it m u s t  be r e c o g n i s e d  th a t  
up land  im p o u n d in g  r e s e r v o i r s  h av e  s o m e  d ef in i te  
a d v a n ta g e s  o v e r  b o r e h o le  s o u r c e s ,  n a m e ly ,  
t h e i r  e a s e  of o p e r a t io n ,  n o r m a l ly  r e q u i r in g  
n e i t h e r  p o w e r  ( t h e r e f o r e  b e in g  im m u n e  f r o m  
p o w e r  c u t s  and  fuel s h o r t a g e s )  n o r  a  h igh  d e g r e e  
of t e l e m e t r y  c o n t r o l .  M o r e o v e r  th e  e f fec t  of 
in f la t io n  on  c a p i t a l  c o s t s ,  an d  in  p a r t i c u l a r  the  
c o s t  of c o n s t r u c t io n ,  m ay  m a k e  it p r e f e r a b l e  to 
p r o c e e d  w ith  th e  c o n s t r u c t i o n  of th e  n ex t  m a jo r  
s u r f a c e  w a te r  s o u r c e  and  to  d ev e lo p  th e  g r o u n d ­
w a t e r  r e s o u r c e s  c o n ju n c t iv e ly  when th e  m a in  
c o n s t r u c t i o n  p h a s e  i s  c o m p le t e .
T h e  F i f e  and  K in r o s s  W a te r  B o a rd  h a v e  up land  
im p o u n d in g  r e s e r v o i r s  w ith  a  to ta l  r e l i a b l e  y ie ld  
of  o v e r  90 M l /d .  f ee d in g  g r a v i t y  d i s t r ib u t io n  
s y s t e m s .  M o st  of the  m a j o r  c a t c h m e n t s  a r e  
' u n d e r  r e s e r v o i r e d ' .  t h a t  i s .  w ith  a v e r a g e  r a i n ­
f a l l  t h e r e  w il l  be c o n s i d e r a b l e  o v e r f lo w  r u n n in g  
to  w a s t e .  At th e  s a m e  t im e ,  s to r a g e  c a p a c i ty  
i s  in s u f f i c i e n t  to  s u s t a in  th e  y ie ld  in y e a r s  of 
r e p e a t e d  d ro u g h t .  E x p lo i t in g  g r o u n d w a te r  s t o r a g e  
in  d ro u g h t  c o n d i t io n s  cou ld  e n a b le  an  i n c r e a s e  
of p e r h a p s  25 p e r  cen t  in th e  r a t e  of o f f - ta k e  
f r o m  the  up land  r e s e r v o i r s  d u r in g  p e r io d s  of 
n o r m a l  r a in f a l l .
E C O N O M I C S  O F  O l i O C N D W A T E R  D E V E L O P M E N T
F o u r  s c h e m e s  of p o s s i b l e  s o u r c e  d e v e lo p m e n t  
a r e  s e t  out in T a b l e  4 an d  t h e i r  c a p i t a l  c o m m i t ­
m e n t  c o m p a r e d ;  th e  a t t r a c t i v e n e s s  of g r o u n d w a te r
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DISTANCE FROM PUMPING BOREHOLE (km)
:
m
E
w
UJ(£
UiLLtc
I recommeTKled 
borehole 
sp a c in g_____
wh-
z
Üz
â
S3o.
T » 200 m; 
T -  200 m'
'd ,  Sy = 0 1 5 
d ,  Sy = 0 01
F ig .  11. T h e o r e t i c a l  p u m p in g  i n t e r f e r e n c e  e f f e c t s  in  a n  i d e a l i s e d  a q u i f e r
Regional locaiion y v o n  m  Fig IB
KINGSKETTLE
fneuchie
Improve
Pitlessie
Station
(about 1 km 
downstream)
Possible use ol 
Balmalcolm Borehole
I L
2 km
LARGE DIAMETER
PRODUCTION BOREHOLES \  1 km radius from lineof production boreholes
B  (a) Existing \
Q  (b| Additional ^  Temporarv minor stream
Existing small
gauging structure required
*  diameter observation NEW SMALL DIAMETERS
borehole OBSERVATION BOREHOLES
0  Shallow piezometer 
in drift dettosits
#  (a) Cored 
O  (b) Rock-bitted
Fig. 12. F i f e  (K in g s k e t t le )  g r o u n d w a te r  p i lo t  s c h e m e :  p r o p o s e d  h y d r o m e t r i c  c o n t r o l s
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CASTLEHILL UPLAND 
RESERVOIR (30 M l/d)
RIVER EARN INTAKE 
(68 Ml d)
GROUNDWATER STORAGE 
DEVELOPMENT (23-45 Ml d 
DIRECT INJECTION AFTER 
MINIMAL TREATMENT)
(a) Electric power and operating 
cost e lem ent only
(b) Total cost (100  per cent load, 
no standby)
(c) Total cost (50  per cent load, 
100 per cent standby)
13. C o m p a r a t iv e  u n i t  c o s t  p r o j e c t i o n s  fo r  m a j o r  w a t e r - s u p p l y  s c h e m e s  ( s e e  T a b le  4 fo r  
d e ta i l s  of s c h e m e  and  p. 21 f o r  a s s u m p t i o n s  u s e d  in  c a lc u la t io n s )
2 0
development in th i s  r e s p e c t  i s  ev id e n t .  It is  
however im p o r ta n t  to  c o n s i d e r  both  c a p i t a l  and  
running co s ts .  In F ig .  13 th e  to ta l  un i t  c o s t  of 
water from th r e e  of the  s c h e m e s  is  c o m p a r e d  in 
a real opera tional s i t u a t io n .  D em a n d  h a s  been  
assumed to i n c r e a s e  by 4.5 M l /d  a n n u a l ly  up to 
the capacity of e a c h  s c h e m e .  A rg u a b le  
assumptions m a d e  in c a lc u la t in g  the  c a p i t a l  
element a re  a s  fo llows: an  a v e r a g e  b o r ro w in g
rate of 12 p e r  cen t  p. a .  s p r e a d  o v e r  60 y e a r s  
for the dam. 30 y e a r s  f o r  o t h e r  w o rk s  an d  15 
years for b o re h o le s ,  e l e c t r i c a l  and  m e c h a n i c a l  
installations; p o w e r  c o s t s  to  r i s e  a t  25 p e r  c e n t  
p.a. up to 1976 and a t  I j  p e r  c e n t  p .  a .  t h e r e ­
after; labour c o s t s  to  be r e s t r i c t e d  to  r i s e  a t  
10per cent p . a .  with i n c r e a s e d  u s e  of a u to m a t io n ;  
chemicals, m a t e r i a l s  and  o t h e r  r u n n in g  c o s t  
items to r is e  at 15 p e r  c e n t  p . a .
It should be a p p r e c i a t e d  th a t  w ith  s o  m a n y  
assumptions. F ig .  13 m u s t  be c o n s i d e r e d  with  
caution, as an a t t e m p t  to  b u i ld  in to  c o s t  
comparisons the im p a c t  of v a r i o u s  p a r a m e t e r s  
and to take account of th e  p r o p o r t i o n s  of c a p i t a l ,  
power and m a in te n a n c e  c o s t s  in e a c h  ty p e  of 
scheme. Its u s e fu ln e s s  m ig h t  be e x te n d e d  u s in g  
a computer to e x a m in e  th e  e f f e c t s  of v a r i a t i o n  
in the key p a r a m e t e r s .
F I S A N C I A L  C O N C H  ' S I O N S  
The short f inanc ia l  l ife  (15 y e a r s )  of a  b o r e h o le  
installation coupled w ith  a n  e n g i n e e r in g  l i fe  
expectancy of o v e r  25 y e a r s ,  m a k e s  g r o u n d w a te r  
an attractive p r o p o s i t io n ,  p a r t i c u l a r l y  in t h i s  e r a  
of shortage of loan c a p i t a l  an d  high i n t e r e s t  r a t e s .
Operational c o s ts  a r e  r e p r e s e n t e d  l a r g e l y  by 
electric power and , w h i le  c o m p a r a t i v e l y  h igh ,  
are uncommitted and r e d u c e  to  n i l  a t  an y  t im e  
when boreholes a r e  on s t a n d - b y .
The low standing c h a r g e  of l e s s  th a n  £3300  
p.a. per Ml/d c a p a c i ty  c o m p a r e s  f a v o u r a b ly  w ith  
that of the Hiver E a r n  In ta k e  S c h e m e ,  w h ich  a t  
comparative r a te s  w il l  a m o u n t  to  £ 4 300 .
In spite of high p o w e r  c o s t s ,  g r o u n d w a te r  
directly injected in to  e x i s t i n g  m a i n s  i s  c h e a p e r  
than any other s o u r c e  u n d e r  c o n s i d e r a t i o n  o v e r  
a 25 year period (F ig .  13). T h e  e x te n d e d  g r o u n d ­
water scheme (T ab le  4 ) i f  f e a s i b l e ,  w ould  
produce cheaper w a t e r  a t  a l l  t i m e s  th a n  th e  E a r n  
Intake Scheme, p r i m a r i l y  b e c a u s e  of  th e  l o w e r  
pumping heads and s i m p l e r  t r e a t m e n t  in v o lv e d .
( E d in b u r g h : H M S O ). 
  1 9 7 3 . A  m e a s u r e  o f  p l e n t y  - 
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T A T E ,  T . K . ,  R O B E R T S O N , A . S .  a n d  G R A Y , 
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o f  f i s s u r e - f l o w  b y  b o r e h o l e  l o g g in g  t e c h n i q u e s .  
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7904 DISCUSSION
A-numerical m odal for pum ping le ? t  analyris
K. R. R U SH TO N  & Y. X. CHAN
M r S . S . D . F o s te r ,  Iristituto of Geological Sciences
I welcome the apixTumncc o f  a numerical technique o f pum ping test analysis, h  
should provide a m o;c llc\ih!c approach than the m ultitude o f mathematical extended 
lypc-curve m ethod, currently competing for application by practising groundw ater 
engineers and h>drop.co!ogi«its, Hy allowing the sensitivity o f response to variation of 
num erous param eters to he tested, it is particularly relevant to complex ftcld.situations.
In their prciKwup.ition u iih  t!ie precision o f T  values, however, i wonder if the 
A uthors arc in danger of losing sight of the primary objcctises of the hydrogeological 
pum ping to t  in water lesour^es evaluation. In two o f the sources o f  data used—those 
dealing with the pumping ie \i\  .it Dalem. Fhe N etherlands’® and on the East Yoikshire 
C h a lk ” —the position was vie.nly spelt o u t: 'A n  average 7 'of about 201)0 m ^d  is the 
m ost accurate answer possible . . .  a higher degree o f accuracy is only an illusion and is 
not consistent with the (overall) hthological eharuster o f the aqu ifer’’® and 'T h e  more 
im portant function o f a good hvvlrogeological pum ping test is that o f  providing (inde­
pendent) evidence on the general hydraulic response o f H.c aquifer, its conlincmcnt and 
boundary param eters, rather than that o f obtaining precise T  values . . .  the form er are 
m ore critical in predicting long-term (regional) response to pum ping’. ”
49. It should also Im: noted that these tests vserc essentially at. what the water in­
dustry currently  regards as, research level. Frequently, pum ping tests used in water 
resources exploration a te  constrained to  much smaller expenditure and, consequently, 
to  poorer control. In such cases no am ount of juggling with the data, by whatever 
technique, will produce unique, reliable interpretations. In these circumstances the 
hydrogcoiogist’s experience w ill be critical in arriving at meaningful conclusions.
50. The really im portant conclusion to emerge from the East Yorksiiire investiga­
tions”  was that there was a m ajor variation in (termeability and storage of the Chalk 
aquifer in depth, a m ajor proportion o f the total How and a significant propuiiion  o f the 
total storage being within the zone o f seasonal lluctuation o f the water-table. This 
condition is proving to be characteristic o f most, if not all, the Britisii Chalk water- 
table aquifers. In the language o f the m odeller. T and J  will be higiily dependent on 
groundwater level.’* The numerical model used by the Authors did not incorporate 
this factor and their interpretation must therefore be open to question; i;> proposed 
development in this direction i\ welctuncv!.
51. In the low water-r.ible ic\» the ti»i;c drawdown data from the observation bore­
hole's app«r;jr to show a ilecfcjw  /  w:th deere.ising disi.u ee from the pum ping well, 
with the dat.i fm m  the pumpuig weU it>e?f giving i!ie lo w c t result o f all. The T  value 
quoted in reference 11 l7<X'. ; » K) m* da\ » refect> this apparent variation, whereas that 
given by tire Authors t ^ ^ '  fu C m ’ dj>» \ee.*:\ to be w cghted  towards the pi/mptug 
wed data. I suggc't ttvat t* cit vah.c ;v c sen:; »llj .i:t';but.ih:e to a /o n e  of higher per-
P.'.per pubtiihed: /V.v. "  i*.-t i v » . l .
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incabilhy Cnaik ar around - 1 5  m C D —which is probably responsible for transm itting
i.K* bjiK- OÎ the groundw ater m the vicinity o f the pum ping well, but that in the ouP 'r 
parts o f th r cone o f dcp 'cssicn the lowest part o f the zone of seasonal water-table 
nuciuaiion (which is also o f very high ;v.*imcabi!ity) remains saturated and also plavs a 
sipm.icant roic in the aquifer response.
52. The Autiîors place considerably more reliance on the analysis o f drawdow n data 
f ' c n  the pum ping well tlian would most held hydrogcolcgists. despite the tact that 
nt.tj"': .munspuJa'ion o f model boundary conditions is required. Is such reliance 
justUted in view „ f  the hydraulic complexity o f the turbulent groundwater how entering 
pum pm g wells? In certain cases for example, cascades develop in Chalk wells.
53. i was also surprised by the low value o f k,Jk^ used by the A uthors. Values o f 
O Oi-O-iO are usually considered to he more typical o f the type o f aquifer concerned. 
How sensitive was the model resp^mse to this param eter?
D r H u s h to n  a n d  M r C h a n
T he tolerances rpio^cd in the Paper for the transmissivity o f (tor example) 1680 ± 5 0  
n r /d a y  may appear to be too stringent, but they do indicate the narrow  range o f trans­
missivities which give acceptable agreement between the numerical model and ‘he field 
results. It is recognized that this narrow  tolerance docs not appear to be consistent 
w .ia the litnologica! character o f the aquifer, but unfortunately the aquifer response is 
often very scnsitrvc to the param eter values. A consequence of this is that when these 
acujfcr p .'ram ctc s arc used in a numerical .model of the regional groundw ater fiow, then 
d itArcPcci between the predicted and actual heads arc alm ost certain to occur.
55. As regards the control of the pumping test, a great advantage o f the numerical 
m ethod is that it is suitable for analysing both tests with good control and also tests 
with poor contro l such as those in which the discharge rate from the borehole is not 
m aintained at a constant value. For instance, a 14 day test, done years ago to investi­
gate tlic yield o f an aquifer, has been used to deduce values of the aquifer param eters, 
a 'ihouç îi the pum p broke down on several occasions. Indeed, the failure o f the pum p, 
which can be tr.o JcIicd in the numerical technique, gave much useful inform ation.
56. Variation:; in permeability and storage coelhcicr.is with depth have now been 
included in a study o f pum ping tests in the chalk of the Berkshire Downs.** This has 
produced significant differences in the time drawdown curves. The inclusion o f a 
variable perm eability and storage coefficient in the Etton test would undoubtedly have 
added to the inter ore*.".tion of the field data.
57. .Ss .-c g .rd .p a r ticu b r  details o f the F.ttcn lest, the quoted transmissivity value of 
f  W  m-. day is dc:crm incd primarily from, the data at observation wells and therefore 
fo lh r .s  ti.'e norm al p racti.c . The diîTcrct.i values cctaincd in reference II alm ost 
certuinlv aiise because the ciTect o f the water contained within the 'veM was ignored-
abstraction  well data, the permeability in the vicinity o f the abstraction well was in- 
c'.oascd and no head losses appeared to occur due to any high velocities or cascades. 
T he ra tio  k j k r  has a significant clTccl only in the vicinity o f the abstraction borehole; 
as there arc no  observation boreholes in that region it is not possible to deduce the 
m agnitude o f this ratio  from the test results. Thus a ratio o f A ,'tr  = 0 01 would give 
equally acceptable results.
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PREFACE
The work d e s c r i b e d  w as  c a r r i e d  out in  the  In s t i tu t e  of G e o lo g ic a l  S c ie n c e s  u n d e r  the  g e n e r a l  
direction of i t s  C h ie f  H y d ro g e o lo g i s t ,  then  M r.  D. A. G ra y ,  w hose  p e r s o n a l  know ledge  and i n t e r e s t  in  
he area p ro m o te d  in v e s t ig a t io n .  The a u t h o r s  had the  a s s i s t a n c e  and a d v ic e  of n u m e r o u s  c o l le a g u e s ,
 ^ Iticularly th o se  who c o n t r ib u te d  the  a p p e n d ix e s  and  a l s o  M r. R. W. G a l lo i s ,  D r .  K. G. J e f f e r y ,
Mr M M o r g a n - J o n e s ,  M r.  J .  G. Ü. S m a r t ,  M r .  T. K. T a t e  and M r. C. J .  Wood.
The IGS o b s e r v a t io n  b o r e h o l e s  w e r e  d r i l l e d  by H o ls t  & C o . L td  of L e e d s ,  and the  c o o p e r a t io n  of 
the East h id ing  C oun ty  C o u n c i l  H ighw ays  D e p a r t m e n t  in  a g r e e i n g  to t h e i r  c o n s t r u c t io n  a t  r o a d s id e  
locations is acknow ledged .
The su rvey  w as  u n d e r t a k e n  p r i o r  to the a d m i n i s t r a t i v e  r e o r g a n i s a t i o n  w h ich  fo l low ed  the 
im p le m e n ta t io n  of the  W a te r  A c t ,  197 3. A c c o rd in g ly ,  the o r g a n i s a t i o n s  r e f e r r e d  to in  the  R e p o r t  a r e  
those who p rov ided  f a c i l i t i e s ,  o p e r a t e d  e q u ip m e n t  o r  c o l l a b o r a t e d  with  the I n s t i t u t e ' s  s t a f f  d u r in g  the 
course of the s tudy , r a t h e r  than  t h e i r  s u c c e s s o r s .
In addition to t h e i r  in i t i a l  i n t e r e s t  in the  w o rk  the  f o r m e r  Y o r k s h i r e  R iv e r  A u th o r i ty  a r e  thanked  
forlhe provision of b a s i c  d a t a ,  s u p p o r t  and  d i s c u s s i o n  in  th e  f ie ld  a c t iv i t i e s  an d  f o r  the im p l e m e n ta t io n  
of the p ro g ra m m e of r e - o p e n i n g  of s e a l e d  w e l l s  and  b o r e h o le s  to gain  a c c e s s  f o r  w a t e r - l e v e l  
measurement.
The in te r e s t  of M r  H a r o ld  A c k r o y d ,  the  E n g i n e e r  to the  f o r m e r  E a s t  Y o r k s h i r e  (W olds A r e a )
Water Board has  r e s u l t e d  in the  c o l l e c t io n  of a c o n s i d e r a b l e  body of v a lu a b le  h y d r o g e o lo g ic a l  d a ta  on 
the Chalk of the a r e a .  T h e  c o l l a b o r a t io n  of h i s  depu ty ,  M r. R. I. C r e a s e ,  and  s ta f f  g r e a t ly  a id ed  the 
field activities.
Other public b o d ie s  w i l l in g ly  p r o v id e d  the  p e r t i n e n t  d a ta  in  t h e i r  p o s s e s s i o n  and  the i n t e r e s t  and 
cooperation of s o m e  of the  p r i v a t e  o w n e r s  of w e l l s  an d  w a t e r - s u p p l y  b o r e h o le s  in  the  r e g io n  w as  
gratifying.
K in g s le y  D unham  
D i r e c t o r
I n s t i t u t e  o f  G e o l o g i c a l  S c i e n c e s  
E x h i b i t i o n  B o a d  
S o u t h  K e n s i n g t o n  
L o n d o n  S W 7  2 D E  
1 M a r c h  1 9 7 5
A. U , \V(KMil:iiui .siuM fdfd .Sir Kini»sley D u n h a m  us D irector on  1st ja n u a ry  1976
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P rob lem s a r e  e n c o u n te r e d ,  h o w e v e r ,  in  f o r m u l a t i n g  a p r a c t i c a l  and  e f f ic ie n t  m e th o d  of d e v e lo p in g  
these r e s o u r c e s ;  th a t  i s ,  in  m a n ip u la t in g  the  a q u i f e r  s to r a g e  to  r e g u la t e  i t s  th roughflow . The p r e ­
vailing h y d ro lo g ic a l  r e g i m e  and  th e  d i s t r i b u t io n  of e x i s t in g  w a te r  su p p ly  s o u r c e s  im p o s e  the  d o m in a n t  
restrictions. E n v i r o n m e n t a l  c o n s id e r a t i o n s  and  a m e n i t y  i n t e r e s t s  w il l  be a f u r t h e r  c o n s t r a in t .  
Augmentation of low f low s  on the  R iv e r  Hull i s  r e q u i r e d  to  a l low  a n  i n c r e a s e  in  th e  p e r e n n i a l  in ta k e  
of the ex is t ing  t r e a t m e n t  w o r k s  a t  H e m p h o lm e  L o c k .  P o s s i b l e  s c h e m e s  to s u s t a in  a flow of 115 .Ml/d 
(70 Ml/d o v e r  and ab o v e  the  lo w e s t  r e c o r d e d  flow) by a b s t r a c t i o n  f r o m  g r o u n d w a te r  s t o r a g e  a r e  
presented and the  h y d r o g e o lo g ic a l  f a c t o r s  a f f e c t in g  t h e i r  e c o n o m ic s  a r e  d i s c u s s e d .  A n a ly s i s  of the 
last decade of r iv e r f lo w  d a t a  i n d i c a t e s  th a t  a u g m e n ta t io n  would be n ee d ed  on a v e r a g e  f o r  b e tw e en  45 
and 80 days p e r  y e a r  but th a t  in the  m o s t  e x t r e m e  of r e c e n t  d r o u g h ts  (1964-1965) a c o n t in u o u s  p e r io d  
of operation of 225 d a y s  would  h a v e  b e e n  r e q u i r e d .  The c o m b in a t io n  of h y d r o g e o lo g ic a l  co n d i t io n s  
suggests that,  w h e r e v e r  r i v e r  a u g m e n ta t io n  b o r e h o le s  a r e  s i t e d ,  in t e r c e p t io n  of n a t u r a l  d i s c h a r g e  
from the a q u i fe r  w ill  be a m u c h  m o r e  c r i t i c a l  f a c t o r  than  s u b s e q u e n t  r e c i r c u l a t i o n  th ro u g h  bed  l o s s e s  
from the s u r f a c e  w a t e r c o u r s e s .
S om m a ire
Une ana ly se  g é o lo g iq u e  e t  h y d r o lo g iq u e  du b a s s i n  d ' a l i m e n ta t io n  du R iv e r  Hull h H e m p h o lm e  L ock  
a été e n t r e p r i s e  p a r  l ' é t u d e  d e  d o n n é e s  e t  p a r  d e s  t r a v a u x  p r a t i q u e s .  C e t t e  ré g io n  c o m p re n d  une 
grande p a r t ie  d e s  Y o r k s h i r e  W olds  où on a d é jà  d é m o n t r é  que le  c a l c a i r e  e s t  une a q u i f è r e  d a n s  le q u e l  
la circulation p a s s e  e x c l u s i v e m e n t  p a r  d e s  f i s s u r e s  e t  l a  r é te n t io n  e s t  p r i n c i p a l e m e n t  d a n s  d e s  
fissures avec d e s  v a r i a t i o n s  p r o n o n c é e s  de  p e r m é a b i l i t é  e t  de r é te n t io n  s e lo n  la  p r o f o n d e u r  de la  
nappe aquifère . L a  l i m i t e  e n t r e  l ' a q u i f è r e  de  l ’a f f l e u r e m e n t  d a n s  l e s  W olds e t  l e  s y s t è m e  r e s s e r r é  
d'eau s o u te r r a in e  s o u s  le  H ull V a l l e y  c o in c id e  a v e c  une l ig n e  de cô te  e n t e r r é e ,  qu i  p r o d u i t  une zone  
étroite, n ia is  h y d r o lo g iq u e m e n t  im p o r t a n t e ,  de p é r m e a b i l i t é  e x t r ê m e m e n t  h au te  s o u s  la  s u r f a c e .
Quant à la  r é t e n t io n  e t  l ' a l i m e n t a t i o n ,  l ' a q u i f è r e  d a n s  le  c a l c a i r e  p o s s è d e  d e s  r e s s o u r c e s  a s s e z  
abondantes en eau  s o u t e r r a i n e ,  p o u r  c o m b l e r  le  d é f i c i t  p r é v u  d a n s  la  p r o v i s io n  d 'e a u  p o u r  K in g s to n -  
upon-Hull ju s q u 'à  l ' a n  2001. C e c i  s e  m a n i f e s t e  s i  on t ie n t  c o m p te  du v o lu m e  e t  du r e n d e m e n t  
spécifique de l ' a q u i f è r e  e t  du d é b i t  m o y e n  à lo n g  t e r m e  du R i v e r  H ull à H e m p h o lm e  L o c k  dont p lu s  
de 80 pour cen t  r e p r é s e n t e  le  d é b i t  n a t u r e l  (p ro v e n a n t  d e s  s o u r c e s )  du r é s e r v o i r  d 'e a u  s o u t e r r a i n e  
dans le c a lc a i r e .
On ren c o n tre ,  c e p e n d a n t ,  d e s  p r o b l è m e s  d a n s  l ' é l a b o r a t i o n  d 'u n e  m é th o d e  p r a t i q u e  e t  e f f ic a c e  de 
développer c e s  r e s s o u r c e s :  c ' e s t  à  d i r e  p o u r  a g i r  s u r  l ' a q u i f è r e  a f in  de r é g l e r  l 'é c o u le m e n t .  L e  
'’^ gime hydro log ique  r é g n a n t  e t  l a  d i s t r i b u t io n  d e s  s o u r c e s  d 'e a u  a c tu e l l e  im p o s e n t  l e s  r e s t r i c t i o n s  
dominatrices. D es c o n s i d é r a t i o n s  de l ' e n v i r o n n e m e n t  e t  d e s  a g r é m e n t s  du l ie u  i m p o s e r o n t  e n c o r e  
de contraintes. Il e s t  n é c e s s a i r e  d ' a u g m e n t e r  l e s  d é b i t s  b a s  du R i v e r  H ull p o u r  p e r m e t t r e  
l 'accroissement de la  p r i s e  p é r e n n e  de  l ' u s i n e  de t r a i t e m e n t  à  H e m p h o lm e  L o ck .  On p r é s e n t é  d e s  
Projets p o s s ib le s  p o u r  s o u t e n i r  un d é b i t  de 115 M l /d  (en p lu s  du d é b i t  l e  p lu s  b as  que l 'o n  a s ig n a lé )  
par l 'ex traction  d 'e a u  s o u t e r r a i n e ,  e t  on d i s c u t e  l e s  f a c t e u r s  h y d ro g é o lo g iq u e s  qui l e s  a f f e c te n t  de 
point de vue é c o n o m iq u e .  On a a n a ly s é  l e s  d o n n é e s  du d é b i t  du f leu v e  p e n d a n t  l e s  dix d e r n i e r s  a n s ,  
indique que l ' a u g m e n t a t i o n  s e r a i t  n é c e s s a i r e  en m o y e n  p e n d a n t  45 à  80 j o u r s  p a r  an ,  m a i s  
P^^dant la  s é c h e r e s s e  r é c e n t e  la  p lu s  s é v è r e  (1964-1965) on a u r a i t  du o p é r e r  s a n s  c e s s e  p e n d a n t
 ^ jours. La c o m b in a i s o n  de c o n d i t io n s  h y d r o g é o lo g iq u e s  s u g g è r e  que ,  n ' i m p o r t e  où l e s  t r o u s  de
v i l
sonde pour a u g m e n t e r  le  d é b i t  s o n t  s i t u é s ,  l ' i n t e r c e p t i o n  du d é b i t  n a t u r e l  de l ' a q u i f è r e  s e r a  un 
[a c teu r  beaucoup  p lu s  c r i t i q u e  que  la  r é c i r c u l a t i o n  s u b s é q u e n te  d e s  p e r t e s  du l i t  d e s  c o u r s  d 'e a u  
au surface.
Z u sa in m en fassu n g
E in e  g e o lo g isc b e  und h y d r o lo g i s c h e  A n a ly s e  von d e r  S tauung  von F l u s s  Hull b is  zu m  H e m p h o lm e  
Lock wird sovvotü d u r c h  D a te n  a l s  a u c h  A u s s e n a r b e i t  u n te rn o m m e n .  D ie s e s  G e b ie t  s c h l i e s s t  v ie l  von 
(ien Y orksh ire  W olds e in ,  d e s s e n  K r e id e  n a c h w e is l i c h  e in  a u s s c h l i e s s e n d e r  S p a l t e s t r o m u n g s -  und 
g r d s s e n t e i l s  S p a l t e l a g e r u n g s - G r u n d w a s s e r l e i t e r  i s t .  D i e s e r  G r u n d w a s s e r l e i t e r  h a t  b e m e r k b a r e  
U n t e r s c h i e d e  von P e r r n e a b i l i t à t  und L a g e ru n g  d e r  T ie fe n  e n t s p r e c h e n d  u n t e r  d e r  G r u n d w a s s e r  o b e r -  
flâche. Die G re n z e  z w is c h e n  d e m  G r u n d w a s s e r s u s t e m ,  d a s  u n t e r  d e m  Hull V a l l e y  l ie g t ,  p a s s t  zu 
einer "v e rb o rg e n e n  K ü s t e n l in i e " ,  w as  e in e  en g e ,  a b e r  h y d r o lo g i s c h  w ic h t ig e  Z o n e  von â u s s e r s t  h o h e r  
P e r r n e a b i l i t à t  u n te r h a lb  d e r  f e s t e n  E r d o b e r f l a c h e  h e r s t e l l t ,
Der K re ide g r u n d w a s s e r l e i t e r  h a t  gen ü g e n d e  G r u n d w a s s e r m i t f e l ,  sow ohl in  F o r m  von L a g e r u n g  
als auch von W id e r fu l lu n g ,  d a s  v o r h e r s a g t e  W a s s e r d e f i z i t  von K in g s to n - u p o n - H u l l  z u m  J a h r e  2001 
zu erfüllen. D ie s e s  i s t  zu s e h e n  von d e r  Ü b e r le g u n g  vom  G r u n d w a s s e r l e i t e r  v o lu m e n  und b e s o n d e r e  
der langfris t igen  M i t t e l w a s s e r f ü h r u n g  vom  R i v e r  H ull b e i  H e m p h o lm e  L o c k ,  wovon m e h r  a l s  80% 
natürliche W a s s e r f ü h r u n g  (Q u e l le n fü h ru n g )  vo m  K r e i d e g r u n d w a s s e r s t a u s e e  s c h i ld e r t .
Trotzdem b e t r i f f l  in a n  P r o b l è m e ,  w enn m a n  v e r s u c h t ,  e in e  p r a k t i s c h e  und w i r k s a m e  M éthode  
zu forinulieren, d i e s e  M il fe l  zu e n tw ic k e ln :  d a s  h e i s s t ,  d a s  G r u n d w a s s e r l e i t e r s p e i c h e r n  zu 
manipulieren, uin den  D u r c h f l u s s  zu  o rd n e n .  D ie h e r r s c h e n d e n ,  h y d r o lo g is  ch en V e r h à l t r i s s e  und 
die Verbreitung von b e s t e h e n d e n  W a s s e r v e r s o r g u n g s q u e l l e n  b i ld e n  d ie  e n t s c h e id e n d e n  E in s c h r â n k -  
ungen. I J in w e l t r ü i k s i f h t s n a h m e n  und A n n e h m l i c h k e i t s i n t e r e s s e n  b i ld en  e in e  w e i t e r e  B e sch r 'ânkung .  
Vergrosserung von den  n i e d r i g e n  W a s s e r f ü h r u n g e n  auf  d e m  R iv e r  Hull i s t  nô tig ,  um  e in e  
Vergrbsserung in d e r  l a n g d a u e r n d e  E in n a h m e  von d ie  e x i s t i e r e n d e n  B e h a n d lu n g s w e r k e n  b e i  H e m p h o lm e  
Lock zu er lauben .  M an b e s c h r e i b t  m O gliche  P l à n e ,  e ine  W a s s e r f ü h r u n g  von 115 M l /d  (70 M l /d  
ausserdein d ie n i e d r i g s t e  d o k u m e n t i e r t e  F ü h ru n g )  d u r c h  d a s  A b s t r a k t i o n  a u s  G r u n d w a s s e r s p e i c h e r n .  
Manbespricht d ie  hy d ro  geo l ogi s c h en F a k t o r e n ,  d ie  d e s s e n  F in a n z e n  b e e in f lü s s e n .  A n a ly s e  vom  
letzten Ja h rz e h n t  von S i r o m f ü h r u n g s d a t e n  z e ig t ,  d a s s  V e r g r d s s e r u n g  im  D u r c h s c h n i t t  z w is c h e n  45 
und 80 Tage p r o  J a h r  n o t ig  w 'âre ,  a b e r  d a s s  in  d e r  g rO s s te n  l e t z t e n  T ro c k e n h e i t  (1964-1965) e ine  
ununterbrochene A r b e i t s p e r i o d e  von 225 T a g e n  n ô t ig  g e w e se n  w a r e .  Die Z u s a m m e n s t e l l u n g  von 
hydrogeolügischen V e r h à l t n i s s e n  l a s s t  d e n k e n ,  d a s s ,  wo au c h  i m m e r  F l u s s v e r g r o s s e r u n g s b o h r l o c h e r  
sich befinden, d ie  V e r h i n d e r u n g  von n a t ü r l i c h e r  W a s s e r s p e n d e  von G r u n d w a s s e r l e i t e r ,  e in  v ie l  
entscheidenderer B e s i a n d  a l s  fo lg en d e  W ie d e r c i r k u l a t i o n  d u r c h  S c h ic h tv e r lü s t e  a u s  den  Ü b e r f l â c h l i c h e n  
Wasserlâufen s e in  w ird .
vin
Hyciiological basis for large-scale development of groundwater  
storage capacity in tfie East Yorkshire Chalk
s. s. I ) .  F o s t e r  a n d  \ ' .  A. M i i . t o n
Iniroduciion
The cu r ren t  w a te r  su p p ly  s i t u a t i o n  in the 
Kingston-upon-Hull a r e a ,  and  f o r e c a s t s  of i t s  
future demand, r e q u i r e  the  a s s e s s m e n t  of a l l  
potential so u rce s  of m a j o r  s u p p l i e s  in the  
adjacent regions. M o r e o v e r  a m a j o r  i n c r e a s e  
inthev.aier r e q u i r e m e n t s  of N o r th  H u m b e r s id e  
could result f ro m  the  c r e a t i o n  h e r e  of a 
new urban deve lopm en t  ( Y o r k s h i r e  O u s e  and 
Hull River A uthori ty ,
The im m ed ia te ly  a d jo in in g  a r e a  i s  
dominated by tiie h igh ly  p« ju n e a b le  C h a lk  
formation, it is  p r e s e n t  o v e r  an a r e a  of s o m e  
18U0 km^ in E a s t  Y o r k s h i r e  O v e r  i t s  o u tc ro p ,  
about half of that a r e a ,  d r a i n a g e  i s  a l m o s t  
entirely subsurface .  T h e  d i s c h a r g e  f ro m  the 
Chalk groundwater s y s t e m  c o n t r i b u t e s  the  bulk 
of the flow in the R iv e r  H ull,  the  p r i n c i p a l  
perennial w a te r c o u r s e  of the  r eg io n .
The presen t s ta te  of d e v e lo p m e n t  of the  
groundwater r e s o u r c e s  of the E a s t  Y o r k s h i r e  
Chalk for H u m b ers id e  w a t e r  s u p p l i e s  i s  
irrational from a n u m b e r  of h y d r o lo g ic a l  
viewpoints. C o n s id e r a t io n  and  in v e s t ig a t i o n  of 
the hydrological r e g im e  h a s  p la y e d  l i t t l e  p a r t  
in the process of d e v e lo p m e n t ,  w h ich  h a s  bee n  
piecemeal as a r e s u l t  of the h i s t o r i c a l  g ro w th  of 
water resources o r g a n i s a t io n .
Further la rg e  s c a l e  d e v e lo p m e n t  m u s t  be  
designed with a t l io rough  u n d e r s t a n d i n g  of the  
‘devant components of the  n a t u r a l  h y d r o lo g ic a l  
since c e r t a in  d e t a i l e d  p o in t s  in the 
relationship between the C h a lk  g r o u n d w a te r  
‘fservoir, its n a tu ra l  d i s c h a r g e  and  the s u r f a c e  
"atercourses could p r o v e  c r i t i c a l .  S c h e m e s  
^%ceived in p a r t i a l  k n o w ledge  of the c o n t r o l l i n g  
y lological f a c to rs  could  be p r o n e  to g r e a t
in e f f ic ie n c y  o r  e x c e s s iv e  and u n s u s p e c te d  
i n t e r f e r e n c e  with e x i s t in g  w a te r  u s e r s  and 
w a t e r - b a s e d  a m e n i t i e s .
T he  f ie ld  in v e s t ig a t io n s  d e s c r ib e d  in  th is  
r e p o r t  w e r e  c a r r i e d  out d u r in g  1970-1972 . A ll 
p r e v io u s  w ork  h a s  been  c o n s id e r e d  and 
a v a i la b le  d a ta  a s s e s s e d .  P a r t i c u l a r  a t te n t io n  
h a s  been  pa id  to the d a ta  th a t  h a s  a c c u m u la t e d  
in the p e r io d  1952-1972 , w hich  p o s t - d a t e s  the 
on ly  p r e v io u s  s y s t e m a t i c  ev a lu a t io n  of th is  
a q u i f e r  (G ray ,  1952).
( . E N t . n . l L  R t X A O N A L  ! l Y D R O L O d Y
In E a s t  Y o r k s h i r e ,  a s  in o th e r  c a r b o n a te  
ro ck  t e r r a i n s ,  the m a in  e l e m e n t s  of the o v e r a l l  
l iydro logy  a r e  d e t e r m in e d  liy the re g io n a l  
s t r a t i g r a p h y  and g e o lo g ica l  s t r u c t u r e ,  s in c e  
they  c o n t ro l  the  p o s i t io n  of the p e r m e a b l e  rock  
o u tc ro p ,  i t s  conf in ing  bed of low p e r m e a b i l i t y  
and t h e r e f o r e  the lo c a t io n  of the r e c h a r g e  and 
d i s c h a r g e  a r e a s  of the g r o u n d w a te r  s y s t e m .
The Y o r k s h i r e  W olds a r e  the  to p o g ra p h ic  
e x p r e s s i o n  of a c r e s c e n t - s h a p e d  C ha lk  o u tc ro p  
and s t r e t c h  u n in te r r u p te d  f ro m  the H u m b e r  Gap 
in the  so u th  to the  c l i f f s  of F la m b o r o u e h  Head 
(F ig .  1). T h ey  f o r m  an u n d u la t in g  th in - s o i l  
c o v e r e d  up land  a r e a  ( P la te  1) d i s s e c t e d  by m any  
b ro a d  d r y  v a l le y s ,  the l a r g e s t  of th e s e  be ing  
the G r e a t  Wold V alley .  The e le v a t io n  of m o s t  
of the W olds r a n g e s  f ro m  GÜ to 150 m  ÜD. It 
i n c r e a s e s  to w a rd s  the n o r th - w e s t ,  w h e re  it  is  
g e n e r a l ly  above  125 m OD and r e a c h e s  a 
m a x im u m  of 246 m OD; h e r e  the d r y  v a l le y s  
a l s o  d i f fe r  be ing  n a r r o w e r ,  m o r e  deep ly  
d i s s e c t e d  and hav ing  a b ru p t  t e r m in a t i o n s  at 
t h e i r  heads .
The l im i t  of the C ha lk  i s  m a r k e d  by 
s ig n i f ic a n t  e s c a r p m e n t s  fac ing  the V ale  of
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F ig .  1. L o c a t io n  m ap  of F a s t  Y o r k s h i r e
,, -kcring to the n o r th  and the V ale  of Y ork  to 
\vest. The C halk  dip s lo p e  p a s s e s  b e n e a th  a 
'^inlex s e r ie s  of m a in ly  low p e r m e a b i l i t y  
T d a l n n d  a lluvia l d e p o s i t s ,  when t r a c e d  s o u t h - 
-^ards and e a s tw a rd s  in to  the Hull V a lley  and 
I l d e r n e s s .  The f o r m e r  h a s  a f lo o r  of a l lu v ia l  
deposits at a g e n e r a l  e l e v a t io n  of 1 to 5 rn OD 
chL-acterised by t r a c t s  of p o o r ly  d r a in e d  p e a ty  
soils, known loca l ly  a s  c a r r s .
The Chalk f o rm a t io n  i s  g e n e r a l ly  liiglily 
p e r m e a b l e  and i t s  o u tc ro p  d r a i n s  s o  f r e e l y  a s  
10make it v ir tua l ly  dev o id  of s u r f a c e  w a te r ,  
except for a few i n t e r m i t t e n t  w a t e r c o u r s e s  and 
t h e  occasional pond. T he  d r a i n a g e  of the  e n t i r e  
outcrop area is s u b s u r f a c e  and , by v i r t u e  of the  
general geological s t r u c t u r e ,  d i r e c t e d  m a in ly  
eastwards or s o u th w a rd s  t o w a r d s  the  lo w e r  
lying areas of the Hull V a l ley .  T h e  p o s i t io n  is  
complicated som ew hat in the n o r th  bo th  by d i r e c t  
subsurface flow to w a rd s  the  N o r th  S ea  and by 
the intermittent d e v e lo p m e n t  of a C h a l k - w a t e r -  
table river, the Lowei- G y p se y  R a c e ,  f low ing  
down the Great Wold V a lley  (F ig .  1). O v e r  
limited areas the C ha lk  f o r m a t io n  d r a i n s  
towards its e s c a r p m e n t  g iv in g  r i s e  to n u m e r o u s  
small contact s p r in g s  c o n t r i b u t in g  to the D e rw e n t  
river system.
Around the p e r i m e t e r  of the  H ull V a l le y  
the Chalk aquifer d i s c h a r g e s  in n u m e r o u s  
sizeable springs which f o r m  bo th  the  m a in  s o u r c e  
of the River Hull and i t s  v a r i o u s  m i n o r  t r i b u t a r i e s .  
The Hull, contained by e a r t h  e m b a n k m e n t s  to 
prevent or reduce f lood ing  of the  lo w e s t  ly in g  
land, flows sou thw ards  (F ig .  1) to e n t e r  the  
Humber Estuary n e a r  tlie c i ty  c e n t r e  of 
Kingston-upon-Hull. It i s  t id a l  to H e m p h o lm e  
Lock, about 24 km o r  so  a b o v e  th is  po in t .  A  
complex network of l a n d - d r a i n a g e  c u t s  (dykes)  
augments the n a tu ra l  d r a in a g e  s y s t e m  th ro u g h o u t  
the valley of the Hull and g r e a t l y  m o d i f i e s  the  
area of the r i v e r ' s  s u r f a c e  c a t c h m e n t .
Ihe extreme e a s t  and s o u t h - e a s t  of E a s t  
Yorkshire is occupied by the  H o l d e r n e s s  P l a in  
a glaciated low land  a r e a  of i r r e g u l a r  
rdief (6 to 18 m OD) T he  g l a c i a l  d e p o s i t s  
attain a maximum th ic k n e s s  of a b o u t  45 m  and 
are dominated by a s e r i e s  of b o u ld e r  c l a y s ,
"hich are thought to f o r m  a c o n t in u o u s  low 
Permeability blanket c o v e r in g  the  u n d e r ly in g  
alk throughout the a r e a  (C a t t  and P e n n y ,
6) and over l a rg e  d i s t a n c e s  f r o m  the c o a s t  
«neath the bed of the N o r th  S ea  (K en t,  1967).
and a v a i l a b le  e x i t s  f r o m  the 
^^ nined Chalk g r o u n d w a te r  s y s t e m  a r c  thus  
^Jtricied and i ts  c i r c u l a t i o n  a l m o s t  n e g l ig ib le .  
souT ‘‘^ ®Gg mucii of the N o r th  S ea c o a s t
W the  B o u l d e r  C la y  f o r m s
 ^ d ra in a g e  in m o s t  of H o ld e r n e s s
is  in land .  The s u b s o i l s  a r e  often  heavy  and 
r e l a t i v e l y  i m p e r m e a b l e  and the s p r e a d  of 
a g r i c u l t u r e  led  to the  w id e s p r e a d  d e v e lo p m e n t  
of a co m p le x  s y s t e m  of a r t i f i c i a l  c u ts  d r a in in g  
to the  H u m b e r ,  w ith  p u m p in g  s t a t io n s  to g e n e r a te  
flow s.
The a v e r a g e  an n u a l  p r e c ip i t a t i o n  (1916/50) 
of E a s t  Y o r k s h i r e  v a r i e s  f r o m  630 m m  in 
H o ld e r n e s s  to 870 m m  on the h ig h e r  W olds,  with 
only  m in o r  d i f f e r e n c e s  b e tw e en  the t o ta l s  fo r  
any g iven  m o n th  o r  s e a s o n  ( Y o r k s h i r e  O u se  and 
Hull R iv e r  A u th o r i ty ,  1969). W in te r  and s u m m e r  
r a in f a l l  d i f f e r  in c h a r a c t e r  and in te n s i t y  in the 
s e n s e  th a t  the l a t t e r  te n d s  to be a s s o c i a t e d  
m o r e  w ith  t h u n d e r s t o r m s  and i s  not d e p e n d e n t  
on m o i s t  w e s t e r l y  a i r s t r e a m s  n o r  i s  i t  
o r o g r a p h ic  in d is t r ib u t io n .  The p r o x im i t y  to 
the  N o r th  S ea and in t e r m i t t e n t  e x p o s u r e  to co ld  
n o r t h - e a s t e r l y  a i r s t r e a m s  r e s u l t s  in a s i g n i f i ­
c a n t  p r o p o r t i o n  of the annua l  p r e c ip i t a t i o n  
f a l l in g  a s  snow ; a n n u a l ly  th e r e  a r e  on a v e r a g e  
15 to 25 d a y s  with  snow ly ing , d ep e n d in g  on 
a l t i tu d e .
Unlike r a in f a l l ,  t e m p e r a t u r e  and o th e r  
c l im a t i c  p a r a m e t e r s  do show m o d e r a t e  
d i f f e r e n c e s  b e tw e e n  s e a s o n s  and le a d  ty p ic a l ly  
to a c o n s id e r a b l e  e x c e s s  of é v a p o t r a n s p i r a t i o n  
o v e r  p r e c ip i t a t i o n  in  the  m o n th s  of May. Ju n e ,  
J u ly  and .August and n e a r  b a la n c e  in  M a rc h ,
A p r i l  and S e p te m b e r  ( Y o r k s h i r e  O u se  and Hull 
R iv e r  .Authority , 1969). An o v e r a l l  p i c tu r e  of 
s u m m e r  and au tu m n  s o i l  m o i s t u r e  d e f ic i t s  thus  
e m e r g e s .
H E C . I O S A L  W A T E R  R E S O U R C E S  S I T U A T I O N
A bout 75 p e r  ce n t  of the p e o p le  of E a s t  
Y o r k s h i r e  l iv e  on N o r th  H u m b e r s id e ;  K in g s to n -  
u p o n -H u l l  h as  a p o p u la t io n  of abou t 300 000, 
and o v e r  375 000 if  i t s  o u t e r  s u b u r b s  a r e  
in c lu d ed .  Of the tow ns,  only  B r id l in g to n  and 
B e v e r l e y  (F ig .  1) have  m o r e  than  20 000 
in h a b i ta n ts  but the f o r m e r  i s  s w e l le d  by to u r i s m ,  
p a r t i c u l a r l y  d u r in g  s u m m e r  w ee k en d s .  T h e r e  
a r e  s e v e r a l  s m a l l e r  tow ns and m a n y  v i l l a g e s  
and w h i l s t  r u r a l  dep o p u la t io n  is  o c c u r in g  in the 
n o r th  of the  reg io n ,  m a n y  of the v i l l a g e s  in the 
s o u th  a r e  ex p a n d in g  w ith  the g ro w th  of co m m u tin g  
to the  K in g s to n -u p o n -H u l l  a r e a .
K in g s to n - u p o n - H u l l  i s  a m a j o r  c o m m e r c i a l  
and f is h in g  p o r t  and h a s  a w ide ra n g e  of 
i n d u s t r i e s ,  the m o s t  no tab le  of w hich  a r e  
p h a r m a c e u t i c a l ,  c h e m ic a l ,  food p r o c e s s i n g  and 
p r e s e r v i n g .  I n d u s t r i a l  d em an d ,  both  fo r  co o l in g  
and p r o c e s s  w a te r ,  h a s  a lw a y s  b e e n  a l a r g e  
i t e m  in the  to ta l  r e q u i r e m e n t  of the  N o r th  
H u m b e r s id e  a r e a  and one w hich ,  o v e r  the  p a s t  
25 y^ears, has  in c r e a s i n g ly  fa l l e n  on the s t a tu to r y  
w a t e r  u n d e r ta k in g .  E l s e w h e r e  in d u s t r y  i s  fo r
the m ost p a r t  a g r i c u l t u r a l l y  b a s e d .
In an a r e a  in c lu d in g  the  u r b a n  and i n d u s t r i a l  
zones of N o r th  H u m b e r s id e  and m u c h  of H o l d e r ­
ness the s t a tu to r y  u n d e r t a k in g  f o r  w a te r  su p p ly  
rests with the K in g s to n - u p o n - H u l l  CBC. I ts  
sources inc lude  t h r e e  m a j o r  C h a lk - g r o u n d w a te r  
pumping s ta t io n s  w ith  e x t e n s i v e  a d i t s  s i t u a te d  on 
the fringe of the u r b a n  a r e a  (F ig .  1) and a m o d e rn  
intake w orks  on the H iv e r  Hull a t  H e m p h o lm e  
Lock. T h e i r  e s t i m a t e d  c o m b in e d  d r o u g h t  y ie ld  
is, perhaps o p t i m i s t i c a l l y ,  pu t  at  120 M l / d  
(Yorkshire O use  and Hull R i v e r  A u th o r i ty ,  19G9). 
The h is to ry  of w a t e r  s u p p ly  d e v e lo p m e n t  f o r  the 
City has been d e s c r i b e d  by J o n e s  (1955) and 
that in E a s t  Y o r k s h i r e  a s  a w hole  by Aylw in  
and Ward (I9G9) H u m b e r s i d e  h a s  by B r i t i s h  
standards s o m e th in g  of a h i s t o r y  of w a t e r  
shortages; t h e i r  e f f e c t s  h a v e  b e e n  a t  b e s t  
inconvenient, at w o r s t  i n s a n i t a r y  and d i s r u p t iv e  
(Jones, 1955).
.An e s s e n t i a l l y  r u r a l  a r e a  of a b o u t  100 000 
inhabitants s t r e t c h in g  f r o m  B r id l i n g to n  a c r o s s  
to the sou thern  p a r t  of the  V a le  of Y o rk ,  is  
supplied by the E a s t  Y o r k s h i r e  (W olds  A re a )
Water Board. T h e i r  s o u r c e s  c o m p r i s e  a 
scattered ne tw ork  of m a in ly  m o d e r n  l a r g e  
diameter b o r e h o le s  w ith  an  e s t i m a t e d  c o m b in e d  
drought y ie ld  of abou t 50 M l / d ;  a n u m b e r  of 
those a b s t ra c t  f r o m  the  C h a lk  of the H e m p h o lm e  
catchment (Fig. 1) bu t  in g e n e r a l  r e s u l t  in the  
generation of an e f f lu en t  to  the  Hull. In the 
remainder of the r e g io n ,  the  n o r t h - w e s t e r n  p a r t  
of the Wolds, the R y e d a le  J o in t  W a te r  B o a rd  
has a num ber of s m a l l  s o u r c e s  and is  
responsible fo r  p u b l ie  su p p ly .
The bulk of the  la n d  a r e a  i s  u s e d  fo r  
agriculture. Both in the  W olds  and  in m u c h  of 
Holderness a r a b l e  f a r m i n g  p r e d o m i n a t e s  bu t 
dairying is  d o m inan t  in the  Hull V a l ley .  W ood­
land is r e s t r i c t e d  to  r e l a t i v e l y  s m a l l  a r e a s  on 
some of the l a r g e r  e s t a t e s .  R e c e n t  y e a r s  h ave  
seen both la rg e  i n c r e a s e s  in  the  n u m b e r  of p ig s  
and poultry in E a s t  Y o r k s h i r e  w ith  the  d e v e lo p ­
ment of in tensive  r e a r i n g  u n i t s  and  the  s p r e a d  
of large sca le  m a r k e t  g a r d e n in g  th r o u g h  the 
south of the reg io n  u n d e r  the  s t i m u l u s  of the 
Humberside food in d u s t r y .  .A g r ic u l tu r a l  w a te r  
supplies have been  t r a d i t i o n a l l y  d e a l t  w ith  on a 
private bas is ,  by the  s in k in g  of w e l l s  and 
diilling of b o re h o le s .  H o w e v e r  the  i n c r e a s e d  
dependence on s p r a y  i r r i g a t i o n ,  to s u s t a i n  
cet tain t jp es  of a g r i c u l t u r e  and  f o r  i n te n s iv e  
glowing under g l a s s ,  p o s e s  a new w a t e r  su p p ly  
P'oblem. Spray i r r i g a t i o n  d e m a n d s  c a n  be 
Ugh and fluctuate  e n o r m o u s l y  on bo th  a d a i ly  and 
seasonal bas is .  T hey  a r c  th u s  d i f f i c u l t  and c o s t ly  
0^ meet from a p u b l i c - s u p p ly  d i s t r i b u t i o n  n e t -  
'■’01 k but likely to i n c r e a s e  and  c o n t in u e  to be
c o n c e n t r a t e d  a ro u n d  t h e i r  p r e s e n t  c e n t r e  in the 
sou th  of the reg io n .  T h is  a r e a  i s  w ithou t 
r e l i a b l e  s u r f a c e  s o u r c e s  of su p p ly  and i t s  
g r o u n d w a te r  r e s o u r c e s  a r e  a l r e a d y  h e a v i ly  
d ev e lo p e d  to m e e t  p u b l ic  and i n d u s t r i a l  dem and.
The p r in c i p a l  w a te r  b a s e d  a m e n i ty  in E a s t  
Y o r k s h i r e  i s  ang l ing  on the R i v e r  Hull and i ts  
t r i b u t a r i e s ,  p a r t s  of w hich  a r e  j e a lo u s ly  
p r e s e r v e d  t r o u t  s t r e a m s  of e x c e l l e n t  s ta n d a rd .  
C hange  in r i v e r  r e g im e  o r  q u a l i ty  m a y  a f fec t  
the  f i sh  but c o m p a r a t i v e ly  l i t t l e  is  known of the 
e s s e n t i a l  n e e d s  of the n o n - m i g r a t o r y  ty p e s  
c o n c e r n e d  ( Y o r k s h i r e  O u se  and Hull R iv e r  
A u th o r i ty ,  1969).
The e s t im a t io n  of fu tu re  d e m a n d  gu ides  
the  s c a l e  of r e q u i r e d  d e v e lo p m e n t  and h a s  been 
def ined  by the Y o r k s h i r e  O u se  and Hull R iv e r  
A u th o r i ty  (1969) and the  W a te r  R e s o u r c e s  
B o a rd  (1970). T he W a te r  R e s o u r c e s  B o a rd  
(1970) e s t im a te d  th a t  the  d e f ic i t  f o r  the  N o r th  
H u m b e r s id e  a r e a  in r e s p e c t  of pu b l ic  w a te r  
supp ly  would be 23 M l / d  by 1981.
F u tu r e  g ro w th  of i n d u s t r y  and popu la t ion  is  
l ik e ly  to be c e n t r e d  on H u m b e r s id e  but the 
i n te r a c t io n  of su c h  f a c t o r s  a s  m o v e m e n t  and 
o th e r  u n c e r t a in t i e s  in  p o p u la t io n  p r e d ic t io n ,  
c h a n g in g  c h a r a c t e r  of in d u s t r y  and i t s  w a te r  
u s e  and im p r o v e m e n t s  of r e c i r c u l a t i o n  t e c h n o ­
logy a l l  c o m p l ic a te  f o re c a s t in g .  D em and  a lso  
tends  to be held  in b a la n c e  by in c r e a s i n g  co s t  
o r  d e t e r i o r a t i n g  qual i ty .  M o r e o v e r  l i t t l e  is  
known abou t the  s a v in g s  tha t  m ig h t  be in tro d u c ed  
f ro m  the p r e v e n t io n  of le a k a g e  and m o r e  w id e ­
s p r e a d  m e te r in g  to d i s c o u r a g e  w as tag e .
S ince  a s ig n i f ic a n t  p r o p o r t i o n  of the w a te r  
u se d  by pub lic  supp ly  u n d e r ta k in g s  i s  supp l ied  
to in d u s t ry ,  the  r i s in g  t r e n d  of i n d u s t r i a l  
c o n s u m p tio n  h a s  to a c e r t a i n  e x te n t  been  taken  
in to  acco u n t  in  the e s t im a te d  d e f ic i t .  H ow ever ,  
i n c r e a s e d  d em an d  by d i r e c t  i n d u s t r i a l  a b s t r a c ­
tion, to g e th e r  with tha t  f o r  s p r a y  i r r i g a t i o n  
a l r e a d y  m e n t io n e d ,  could  a g g r a v a te  p r o b le m s  
in  the  K in g s to n - u p o n - H u l l /B e v e r le y  a r e a  
(Y 'o rk sh ire  O use and Hull R iv e r  A u th o r i ty ,  1969).
B eyond  1981 d em an d  d e p e n d s  m u c h  on the 
n a t io n a l  p o l ic y  to w a r d s  any  new H u m b e r s id e  
d e v e lo p m e n t ,  i t s  lo c a t io n ,  s i z e  and w h e th e r  it  
w ill  be b a s e d  on high o r  low w a te r  dem an d  
in d u s t r i e s .  A f ig u re  of 78 M l / d  h a s  been  
e s t im a te d  fo r  the d e f ic i t  of K in g s to n -u p o n -H u l l  
in 2001 and a f u r t h e r  135 M l / d  h as  been  
a r b i t r a r i l y  a l lo c a te d  f o r  H u m b e r s id e  d e v e lo p ­
m e n t  ( Y o r k s h i r e  O use  and Hull R iv e r  A u th o r i ty ,  
1969). In the  f o r e s e e a b le  fu tu re  it thus  a p p e a r s  
tha t  the need  fo r  c o n c e n t r a te d  l a r g e  s c a l e  
d e v e lo p m e n ts  of w a te r  supply  (say  in e x c e s s  of
,n\ll/d) will only a r i s e  f r o m  the  d e m a n d s  of 
' ‘j^orth H u m b ers id e  a r e a .  E l s e w h e r e  in E a s t  
Y o r k s h i r e  the re  a r e  l ik e ly  to be r e g u l a r  d e m a n d s  
[scattered lo c a t io n s  f o r  s u p p l i e s  p o s s i b ly  up to 
lOiMl/ci, but m o r e  n o r m a l l y  of the  o r d e r  of 
2.0 Mi/d or le s s .
0yiOVS WOHK
There has been  l i t t l e  s y s t e m a t i c  o r  
quantitative work on the h y d r o lo g y  and  g r o u n d - 
ivater resources  of tlie E a s t  Y o r k s h i r e  C h a lk ,  
considering that it i s  one of the  m a j o r  a q u i f e r s  of 
the country and r e c o g n i s in g  i t s  s i g n i f i c a n c e  to the 
water supply of the c i ty  of K in g s to n - u p o n - H u l l  
through many d e c a d e s .  T h is  i s  in  p a r t  e x p la in e d  
by lack of p e r t in en t  d a ta  on g r o u n d w a te r  l e v e l s  
and riverflow  and the r e l u c t a n c e  to  f a c e  th e  c o s t  
a n d  o rg a n isa tio n  of m o n i t o r i n g  th e m .  A t t e m p t s  
at developing g r o u n d w a te r  s u p p l i e s ,  bo th  s u c c e s s ­
ful and unsuccessful ,  w e r e  v e r y  p o o r ly  d o c u ­
mented p r io r  to abou t 195Ü an d  s in c e  th e n  h ave  
not always been u se d  to full a d v a n ta g e  in 
furthering knowledge of the  h y d ro lo g y  and  
hydraulics of this m a j o r  a q u i f e r .
Of the s tud ies  done b e f o r e  the  S econd  W o r ld  
War. those of M o r t i m e r  (1879),  F o x - S t r a n g w a y s  
(1906) and Lapw orth  (1933) a r e  w o r th y  of 
mention. M o r t im e r  d r e w  to g e t h e r  the  w r i t i n g s  
and notes of E a s t  Y o r k s h i r e ' s  e a r l y  w e l l  s i n k e r s  
and started to p iece  t o g e t h e r  a p i c t u r e  of the  
overall regime of r e c h a r g e  and  d i s c h a r g e  of the 
Chalk aquifer, the g r o s s  v a r i a t i o n s  in the  
quality of supplies and the  d a n g e r  of i n t r u s i o n  of 
estuarine water on H u m b e r s id e .  He d re w  a 
hydrogeological c r o s s - s e c t i o n  of the  W olds 
showing the a p p ro x im a te  p o s i t io n  of the  w a t e r  
table in January 1877 and  d i s c u s s e d  the 
conditions leading to the  s e v e r e  d r o u g h t  of 1874, 
which required the d e e p e n in g  of w e l l s  th r o u g h o u t  
the area. L ap w o r th 's  w o rk  (1933) w as  m o r e  
comprehensive; he p r e s e n t e d  the  f i r s t  known 
groundwater level m ap  of the  a r e a  w ith  the a im  
of establishing the d i r e c t i o n s  of g r o u n d w a te r  
flow to guide fu tu re  w a t e r  s u p p ly  p r o b l e m s  and 
postulated without m a n y  s u p p o r t i n g  f a c t s ,  an 
dement of s t r a t i g r a p h ic a l  and s t r u c t u r a l  c o n t r o l  
dChalk groundwater m o v e m e n t .  He s u g g e s t e d  
that the poor quantity  and q u a l i ty  of s u p p l i e s  
'l’ont the H olderness C h a lk  w e r e  due  to 
extremely sluggish n a t u r a l  c i r c u l a t i o n  of the  
groundwater in th is  a r e a .
In the im m edia te  p o s t - w a r  p e r i o d  the
joct received m o r e  a t t e n t io n  bu t  m o s t  of the 
"otk suffered f ro m  la c k  of a c t i v e  f ie ld  i n v e s t i - 
S'l'ion and re liab le  d a ta  on the  h y d r o lo g ic a l  
parameters. V e r se y  (1948) and G r e e n  (1950) 
some useful d e s c  r i p t io n s  of lo c a l  h y d r o - 
‘^Gnditions bu t t h e i r  a p p r o a c h  to the 
"otion of groundw a t e r  r e s o u r c e s  w a s  not
s u f f i c ie n t ly  r e f in e d  to g ive  m o r e  than  a g e n e r a l  
in d ic a t io n  of t h e i r  m a g n i tu d e .  W a te r s  (1949) 
c o n s id e r e d  th a t  the  d e v e lo p m e n t  of g r o u n d w a te r  
s u p p l i e s  in  E a s t  Y o r k s h i r e  had  been  so  g r e a t  
s in c e  the  r e p o r t  of L a p w o r th  (1933) a s  to m a k e  i t  
o b s o l e s c e n t  e x c e p t  f o r  the  p u r e ly  g e o lo g ic a l  a s p e c t s .  
H a in s w o r th  (1950) de f in e d  the  p r i n c i p a l  p r o b l e m s  
of w a te r  m a n a g e m e n t  a t  th a t  t im e  to be the  d e t e r ­
m in a t io n  of the  m a x im u m  r e l i a b l e  y ie ld  of and 
g r o u n d w a te r  flow f ro n ta g e  to t h r e e  l a r g e  m u n ic ip a l  
p u m p in g  s t a t i o n s  in  the v ic in i ty  of K in g s to n - u p o n -  
Hull,  and the  r i s k  of f u r t h e r  e n c r o a c h m e n t  of 
e s t u a r i n e  w a te r .
A s h a s  been  m e n t io n e d .  G ra y  (1952) m a d e  
the  only  p r e v io u s  e v a lu a t io n  of the  C ha lk  a q u i f e r  
of E a s t  Y o r k s h i r e  b a s e d  on s y s t e m a t i c  h y d r o -  
g e o lo g ic a l  f ie ld  and d a ta  s tudy .  He c o n s i d e r e d  
m e te o r o lo g ic a l ,  r iv e r f lo w ,  and g r o u n d w a te r  
le v e l  f lu c tu a t io n  d a ta  and  d e l in e a te d  c a t c h m e n t s  
and s a l i n e  i n t r u s io n  a r e a s  by f ie ld  m e a s u r e m e n t .  
D e f ic ie n c ie s  in  c e r t a i n  p a r t s  of the d a ta  l im i te d  
the  s tu d y  to a r e c o n n a i s s a n c e  le v e l .  E s s e n t i a l l y  
the  r e p o r t  w as  the  s t a r t i n g  p o in t  f o r  the  p r e s e n t  
w ork .
C O N S T R A I N T S  O N  D E l ' E L O R M E N T
In the  N o r th  H u m b e r s id e  a r e a  the  only  
s o u r c e  of w a t e r  of a d e q u a te  quality^ f o r  m o s t  
p u r p o s e s ,  the C ha lk  a q u i f e r ,  i s  a l r e a d y  h e a v i ly  
dev e lo p e d  and h a s  been  so  f o r  m a n y  y e a r s .
B y  f a r  the l a r g e s t  a b s t r a c t i o n s  a r e  th o s e  of the 
p u b l ic  w a t e r  su p p ly  u n d e r ta k in g  but s ig n i f i c a n t  
q u a n t i t i e s  of w a t e r  a r e  a l s o  p u m p e d ,  p e r e n n i a l l y  
by i n d u s t r i a l  u s e r s  and s e a s o n a l ly  f o r  h o r t i c u l ­
t u r a l  s p r a y  i r r i g a t i o n .  The g r o u n d w a te r  
r e s o u r c e s  b a la n c e  f o r  the 'c h a lk  b lo c k '  so u th  of 
the  la t i tu d e  of H e m p h o lm e  L ock  sh o w s  th a t  
t h e r e  i s  l i t t l e  r o o m  f o r  f u r t h e r  d e v e lo p ­
m e n t  th ro u g h o u t  th is  a r e a  ( F o s t e r  and o t h e r s ,  
in p r e s s ) .
A m o n g  the  s id e  e f f e c ts  of the e x i s t in g  
g r o u n d w a te r  d e v e lo p m e n t  a r e  the  p e r e n n i a l  
d r y in g - u p  of a l l  d ip - s lo p e  C h a lk  s t r e a m s  f r o m  
the  H u m b e r  n o r th w a r d s  to beyond B e v e r l e y  
(F ig .  1) and, in  the  old i n d u s t r i a l  a r e a  of 
K in g s to n - u p o n - H u l l ,  the  e n c r o a c h m e n t  of s a l in e  
w a te r ,  a p p a r e n t ly  f ro m  the  H u m b e r .
A m e th o d  bo th  of r e l i e v in g  the p r e s s u r e  on 
th i s  p a r t  of the  a q u i f e r  and a l lo w in g  f u r t h e r  
d e v e lo p m e n t  would be i t s  a r t i f i c i a l  r e c h a r g e .
O ne a t t r a c t i v e  p o s s i b i l i t y  would  be to p ipe  
e x c e s s  s p r in g  and e a r l y  s u m m e r  f low s f ro m  
the R i v e r  Hull a t  H e m p h o lm e  L ock  and the  
H o ld e r n e s s  l a n d - d r a i n a g e  s y s t e m  (if q u a l i ty  
a l low ed)  and r e c h a r g e  th e m  a t  the  C halk  o u tc ro p  
in  the  s o u th e r n  W olds. Such a s c h e m e  is  
l ik e ly  to p r e s e n t  c o n s id e r a b l e  t e c h n o lo g ic a l  
p r o b l e m s  and would r e q u i r e  e x t e n s iv e  f e a s ib i l i t y
a n d  economic s tu d i e s .  At the p r e s e n t  t im e  t h e r e ­
fore it would a p p e a r  p r e f e r a b l e  to r e d i s t r i b u t e  
abstraction f ro m  the C h a lk  fo r  pub l ic  su p p ly  
rooses, by d e v e lo p m e n t  e l s e w h e r e  in  the a q u i f e r  
auaies in e x c e s s  of e s t i m a t e d  d e f i c i t s .  T h i s  
ould reduce the c o m p e t i t io n  f o r  w a te r  in  the 
critical H u m b ers id e  a r e a  and sh o u ld  a l lo w  f u r t h e r  
demands by in d u s t r i a l  u s e r s  and fo r  s p r a y  
irrigation to be m o r e  e a s i l y  m e t  by d i r e c t  
abstraction.
iMost of the flow of the  R i v e r  H ull a t  
Hempholme Lock (80 to 85 p e r  cen t)  o r i g i n a t e s  
a s  natural  g ro u n d w a te r  d i s c h a r g e  f r o m  i t s  C ha lk  
catchment, which e x te n d s  o v e r  a m a j o r  p o r t io n  
of the Y orkshire  W olds,  Any p e r e n n i a l  d e v e lo p ­
ment of Chalk g r o u n d w a te r  in v o lv in g  c o n s u m p t io n  
or export f rom  th is  c a t c h m e n t ,  in  the  end w ill  
lead to a c o m p a ra b le  r e d u c t io n  in the  C h a lk - 
derived baseflow at H e m p h o lm e  L ock .  In l a te  
summer and au tum n C h a lk  b a s e f lo w  r e p r e s e n t s  
almost the total r i v e r f lo w ,  w h ich  u n d e r  s e v e r e  
drought conditions (1 904-1965)  i s  l e s s  than  5Ü 
.Ml/d (O.G cum ec)
The above f a c to r  t o g e t h e r  w ith  the 
commissioning of the  T o p h i l l  Low r i v e r  in ta k e  
works at Hem pholm e L o c k  in 19G5, im p o s e  the  
dominant c o n s t ra in t  on f u tu r e  w a t e r  su p p ly  
development. The c u r r e n t  c a p a c i ty  of the  
treatment works is  55 M l / d  but the  le g a l ly  
prescribed m in im u m  r e s i d u a l  flow i s  45 M l / d .
The raw w ater s t o r a g e  r e s e r v o i r s ,  of 1680 M l 
capacity, cushion the im p a c t  on the  su p p ly  
situation of the r e d u c t io n  in r i v e r  in ta k e  w hen 
flows fall below 100 M 1/d  (1.2  c u m e c ) .
It is  poss ib le  tha t  e n g i n e e r i n g  m e a s u r e s  o r  
reappraisal in r e s p e c t  of B e v e r l e y  s e w a g e  
disposal, Hull n a v ig a t io n  and o t h e r  i n t e r e s t s  below 
Hempholme Lock, cou ld  a l low  a r e v i s i o n  of the  
prescribed flow and m a k e  a l a r g e r  p a r t  of th e  
lowest flows a v a i la b le  f o r  w a t e r  s u p p ly  p u r p o s e s .  
However in  cond it ions  of s e v e r e  d r o u g h t  (as  
those in 1964-1965), e v e n  r e d u c t io n  of the  
prescribed flow to z e r o  w ould  no t a l low  the  
"orks to opera te  at fu ll  c a p a c i ty .
The provision of a d d i t io n a l  w a t e r  s u p p l i e s  
to Humberside by p e r e n n i a l  a b s t r a c t i o n  f r o m  
the Chalk of the I lull - H e m p h o lm e  c a t c h m e n t  
thus appears u n e c o n o m ic  u n d e r  p r e s e n t  c o n d i t io n s  
hocause of the c o n s id e r a b l e  c a p i t a l  i n v e s tm e n t  
represented by the T o p h i l l  Low in ta k e ,  t r e a t m e n t  
t^td storage f a c i l i t i e s  and the  d i s t r i b u t i o n  n e t -  
"oik centred upon th e m .  F u r t h e r  f a c t o r s  
plating against r e d u c t io n  of the  d r y  w e a t h e r  
in the R iver  Hull in c lu d e  the  s t r o n g  
in te rests  and th o s e  of n a v ig a t io n  and 
St^ oeral amenity.
In c o n s i d e r a t i o n  of p o s s ib le  s c h e m e s  fo r  
d e v e lo p m e n t  of the l a r g e  v o lu m e s  of C h a lk  ground 
w a te r  s t o r a g e  in the c a t c h m e n t  to H e m p h o lm e  
L o ck ,  a u g m e n ta t io n  of low r i v e r  f low s  m u s t  be 
ta k en  a s  the f i r s t  p r i o r i t y  ( Y o r k s h i r e  O u se  and 
Hull R i v e r  A u th o r i ty ,  1969). T o  be s u c c e s s f u l  
any  s c h e m e  will  have  to a t t a in  a d e g r e e  of 
r e g u la t io n  on the flow in the Hull by m a n ip u la t io n  
of the s t o r a g e  l e v e l s  in the C h a lk  and c o n t r o l  
o v e r  i t s  r a t e s  of n a t u r a l  d i s c h a r g e .  In g e n e r a l  
and th e o r e t i c a l  t e r m s ,  th is  m e th o d  of d e v e lo p ­
m e n t  h as  been  e x c e l l e n t ly  d e a l t  w ith  by Ineson  
(1970) and i s  e s s e n t i a l l y  an  e x p lo i ta t io n  of the 
t i m e - l a g  c h a r a c t e r i s t i c s  and v a s t  s t o r a g e  of 
m a j o r  g r o u n d w a te r  r e s e r v o i r s .
In r e l a t i o n  to  w a t e r  q u a l i ty ,  s c h e m e s  
in v o lv in g  C h a lk  g r o u n d w a te r  a r e  l ik e ly  to 
p r o v id e  a s o m e w h a t  ' h a r d e r '  su p p ly  than  th o se  
ta k en  d i r e c t l y  f r o m  up land  r e s e r v o i r s  but not 
s ig n i f i c a n t ly  d i f f e r e n t  f r o m  m a n y  low land  r i v e r  
in ta k e  w o rk s .  T he  e x i s t in g  s e w a g e  eff luen t  
load  of the  Hull above  H em p h o lm e  L ock  i s  low 
and g iven  n o r m a l  p r e c a u t io n s  no q u a l i ty  p r o b l e m s  
a r e  l ik e ly  to a r i s e ;  the a p p a r e n t  o n s e t  of n i t r a t e  
p o l lu t io n  of C ha lk  g r o u n d w a te r s  in  E a s t  Y o r k ­
s h i r e  ( F o s t e r  and C r e a s e ,  1974) h o w e v e r ,  m a y  
u l t i m a t e ly  be t r o u b le s o m e .
DF.SK'.X F A C T O R S  FOR DEI E L O R M F N T
In v iew of the  d e s i r a b i l i t y  of r a t i o n a l i s in g  
the  o v e r a l l  a b s t r a c t i o n  f r o m  the  C h a lk  a q u i f e r  
to r e d u c e  c o m p e t i t io n  fo r  g r o u n d w a te r  s u p p l ie s  
in the  n o r th  H u m b e r s id e  a r e a ,  the f a c i l i ty  to 
a u g m e n t  the  lo w e s t  f low s in the  R iv e r  Hull by a 
s ig n i f i c a n t  i n c r e m e n t ,  of the o r d e r  of 70 .Ml /d ,  
would  be m o s t  a t t r a c t i v e .  It m ig h t  be p r e f e r ­
ab le  to p h a s e  any s c h e m e ,  bu t  a s u b s t a n t i a l  
r a t e  of in i t ia l  d e v e lo p m e n t  w ould  be  r e q u i r e d  
f o r  i t  to be m e a s u r e d  and p r o v e d  a d e q u a te ly  
d u r in g  f ie ld  t r i a l s .
T he  e f fe c t  of a s u c c e s s f u l  d e v e lo p m e n t  of 
70 M l / d  would  be to r e d u c e  r a d i c a l l y  the p o s s i ­
b i l i ty  of the  flow in the Hull e v e r  f a l l in g  below 
115 M l / d ,  th a t  i s ,  to p e r m i t  an in ta k e  of 70 
M l / d  a t  the  T o p h il l  Low W a te r w o r k s  even  
d u r in g  s e v e r e  d ro u g h ts .
S in ce  the long  t e r m  m e a n  d a i ly  d i s c h a r g e  
of the  Hull a t  H e m p h o lm e  L o ck  i s  320 M l / d ,  
abou t  80 to 85 p e r  c e n t  of w h ich  is  C h a lk  d e r iv e d ,  
a d e v e lo p m e n t  of the  above s c a l e  r e p r e s e n t s  the 
r e g u la t io n  of abou t 40 p e r  c e n t  of the  to ta l  long  
t e r m  th roughflow  of the  C ha lk  a q u i f e r  in th is  
c a tc h m e n t .  It i s  th u s  c l e a r  th a t  d e t a i l e d  
c o n s id e r a t i o n  of the  r a t e s  and p r o c e s s e s  of 
in f i l t r a t io n  and é v a p o t r a n s p i r a t i o n  and  the 
r e c h a r g e  p h a s e  of the  g r o u n d w a te r  cy c le  a r e  
not of p r i m a r y  i m p o r t a n c e  in the d e s ig n  and
r a l u a t io n  of p o s s ib le  s c h e m e s  f o r  d e v e lo p m e n t .
This a sp e c t of the h y d ro lo g y  b e c o m e s  of m a j o r  
i m p o r t a n c e  in d i s c u s s i n g  the u l t i m a t e  y ie ld  of 
J  Chalk aqu ife r .  D u r in g  in v e s t ig a t io n  fo r  and 
development of any s c h e m e  m u c h  m o r e  sh o u ld  
be learn t about a l l  a s p e c t s  of the  h y d ro lo g y  of 
the Chalk aqu ife r  and c o n s e q u e n t ly  the s c h e m e  
itself should f u rn is h  the  m o s t  u s e fu l  d a t a  with  
which to a s s e s s  the p o s s i b i l i t i e s ,  t e c h n ic a l i t i e s  
a n d  e co n o m ics  of f u r t h e r  d e v e lo p m e n t .  R e c h a rg e  
will be directly  e v a lu a te d  b e c a u s e  of i t s  d i r e c t  
relationship to a q u i f e r  th ro u g h f lo w ,  s t o r a g e  l e v e l s  
and ra te s  of n a tu ra l  d i s c h a r g e .
Any schem e f o r  d e v e lo p m e n t  w il l  in v o lv e  
groups of la rg e  d i a m e t e r  C h a lk  b o r e h o le s  p u m p in g  
w a te r  in te rm itten tly  th ro u g h  p ip e l in e s  to a 
s e l e c t e d  point in the u p p e r  r e a c h e s  of the  R i v e r  
H ull, o r  possibly d i r e c t l y  to ilte T o p lt i l l  Low 
Waterworks. C r i t i c a l  c h o ic e  of lo c a t i o n s  
w ould b e  req u ired  to a c h ie v e  m a x im u m ,  and 
perhaps even to le r a b le ,  e f f i c i e n c y  in  o p e r a t io n .  
Excessive expense c o u ld  be in v o lv e d  in  u s in g  
engineering w orks to c o n t r o l  c e r t a i n  p r o c e s s e s  in 
the naturally deve loped  h y d r o lo g ic a l  c y c le .
The p r inc ipa l  h y d r o g e o lo g ic a l  f a c t o r s  th a t  
would appear to a f fec t  the  c h o ic e  of lo c a t io n  
and type of d e v e lo p m e n t  a r e  a s  fo l low s;
1. The c h a r a c te r  of the g r o u n d w a te r  r e s e r v o i r ,  
its storage space  and b o u n d a r y  c o n d i t io n s .
2. The detailed g r o u n d w a te r  c o n d i t io n s  in  the  
zone of natural a q u i f e r  d i s c h a r g e  o r  o v e r f lo w .
3. The degree of h y d r a u l i c  c o m m u n ic a t io n  
between the s u r fa c e  w a t e r c o u r s e s  and the  u n d e r ­
lying groundwater s y s t e m .
There exists c o n s id e r a b l e  k n o w led g e  and d a ta ,  
albeit rather s c a t t e r e d ,  th a t  b e a r  on th e s e  
factors. They r e c e iv e  d e t a i l e d  e x a m in a t io n  
and synthesis in th is  r e p o r t  and h av e  b ee n  
amplified through f ie ld  i n v e s t ig a t io n .  A r e v ie w  
of the geolog}- of the E a s t  Y o r k s h i r e  C h a lk  is  
included, d is t ingu ish ing  and d e s c r i b i n g  th o s e  
aspects which a r e  of p o te n t i a l  r e l e v a n c e  to i t s  
properties and b e h a v io u r  a s  a m a j o r  g r o u n d ­
water reservoir .  In the H u l l - H e m p h o lm e  c a t c h -  
I'lent however th e re  a r e  s t i l l  s i g n i f i c a n t  d a t a  
lieficiencics, p a r t i c u l a r l y  in  r e s p e c t  of c o n t r o l l e d  
hydrological pum ping  t e s t s .
It is assum ed tha t  a d e v e lo p m e n t  of the  
postulated scale will be s im u l a t e d  and g u id e d  by 
“ digital model of the r e g io n a l  a q u i f e r .  Such a 
'oodel Would a s s i s t  in | ) r e d ic t io n  of the e f f ic i e n c y  
«nd side-effects of p r o p o s e d  s c h e m e s .  It cou ld  
j /’P-^oted as d e v e lo p m e n t  p r o c e e d s  and new 
Ota aie generated, b e c o m in g  bo th  a w a t e r -  
lanagement tool and of c o n s i d e r a b l e  u s e  in
fu'h ° I^°^^^h>le f u r t i t e r  d e v e lo p m e n t s .  S om e 
of a q u i f e r  p r o p e r t i e s  and 
conditions i s ,  h o w e v e r ,  r e q u i r e d  to
c a l i b r a t e  and r e f in e  the  m o d e l  s u f f i c ie n t ly  f o r  
the f o r m e r  p u r p o s e .
Geological Character of Groundwater  
Reservoir
C H A L K  S T R A T I G R A P H Y  A N D  L I T H O L O G Y
T he C ha lk  of E a s t  Y o r k s h i r e  c o m p r i s e s  a 
h igh ly  u n i f o rm  s e q u e n c e  of s e d i m e n t s  w ith  a 
m a x im u m  th ic k n e s s  in e x c e s s  of 420 m . A lm o s t  
the  e n t i r e  s e q u e n c e ,  in t e r m s  of to ta l  th i c k n e s s ,  
i s  r e p r e s e n t e d  by p u r e  w hite  l i m e s t o n e s .  
M ic r o s c o p ic a l l y  th e s e  l i m e s t o n e s  a r e  s e e n  to be 
c o m p o s e d  of a m a t r i x  of p l a t e s  of m in u te  
s p h e r o id a l  o r g a n ic  b o d ie s  ( c o c c o l i th s )  l e s s  than  
0.1 to 4 m  in  d i a m e t e r  in w hich  o c c a s io n a l  
l a r g e r  p a r t i c l e s ,  m a in ly  c o m m in u te d  m a c r o ­
f o s s i l s  and m i c r o f o s s i l s ,  a r e  e m b e d d e d  (B lack ,  
1953). T he  a b s e n c e  of t e r r i g e n o u s  m a t e r i a l  
f r o m  m o s t  h o r iz o n s  i s  n o ta b le ,  e x c e p t io n a l  
c o n d i t io n s  of m a r i n e  s e d im e n ta t io n  in  U p p e r  
C r e t a c e o u s  t im e s  be in g  in d ic a te d .
T he s e q u e n c e  of l i m e s t o n e s  i s  b r o k e n  only  
o c c a s io n a l ly  by p r i m a r y  m a r l s  r a r e l y  m o r e  
than  50 m m  in th ic k n e s s ;  up to 10 m a r l s  m a y  be 
p r e s e n t  in  a r e - d e f in e d  m id d le  d iv is io n  of the 
C h a lk  (Wood, C. J .  , p e r s o n a l  c o m m u n ic a t io n )  
and a t  l e a s t  th a t  m a n y  a g a in  in the  d iv is io n  
below. M o re  f r e q u e n t  b r e a k s  in  the s e q u e n c e  
a r e  a s s o c i a t e d  with  s e c o n d a r y  f e a t u r e s ,  p a r t i ­
c u l a r ly  f l in t  ban d s  and s ty l o l i t e s  with  t h e i r  
a s s o c i a t e d  m a r l s .  The s t r a t i f o r m  b o d ie s  of 
f l in t ,  a s  d i s t i n c t  f ro m  the i s o l a te d  m a s s e s ,  
v a r y  f ro m  50 to 300 m m  in  th ic k n e s s  and have  
two ty p e s  of o c c u r r e n c e ,  n o d u la r  and t a b u la r .  
The high d e n s i ty  of s ty lo l i l i c  so lu t io n  f e a t u r e s  
in the E a s t  Y o r k s h i r e  C ha lk  is  m o s t  s t r i k in g ;  
in d iv id u a l  s ty lo l i t e s  ty p ic a l ly  a f f e c t  ban d s  of 
the f o r m a t io n  up to 300 m m  in  th ic k n e s s .  T h e i r  
o r ig in  and a s s o c i a t e d  c h a n g e s  in  r o c k  p h y s i c a l  
p r o p e r t i e s ,  and t h e i r  d e n s i ty  of o c c u r r e n c e  in  
the a v a i l a b le  e x p o s u r e s  a r e  d i s c u s s e d  in 
A p p e n d ix e s  A gmd B r e s p e c t i v e ly .
T he su b d iv i s io n  of the  E a s t  Y o r k s h i r e  C ha lk  
and the s t r a t i g r a p h i e  v a l id i ty  of e x i s t in g  s u b ­
d iv i s io n s  r e m a i n s  a s u b je c t  f o r  s tu d y  and 
d i s c u s s io n .  The l i th o lo g ic a l  s u b d iv i s io n  
r e c o g n is e d  d u r in g  the  o r ig in a l  g e o lo g ic a l  survey^ 
of the  e n t i r e  a r e a  (D akyns and F o x - S t r a n g w a y s ,  
1886) r e l a t e d  to the p r e s e n c e  o r  a b s e n c e  of 
f l in t s  a lone  and i s  of doub tfu l  va lue  ev e n  f o r  
l i t h o - c o r r e l a t i o n .  W r ig h t  and W rig h t  (1942) 
have  m a d e  the  m o s t  c o m p le t e  a t t e m p t  to 
d a te  to e s t a b l i s h  a p a l a e o n to lo g ic a l  s u b d iv i s io n  
and r e c o g n is e d  10 z o n e s  d i f f e r in g  s o m e w h a t  
f ro m  th o se  u se d  in  s o u th e r n  E n g la n d  b e c a u s e  
of the  d i s t i n c t  a s p e c t  of the C ha lk  fauna .  T hey  
p la c e d  the e x p o s u r e s  in abou t 100 q u a r r i e s  and 
p i t s  w ith in  t h e i r  zo n a l  se q u e n c e .  C u r r e n t  
b i o s t r a t i g r a p h i c a l  r e s e a r c h  (Wood, C. J .  ,
ersonal c o m m u n ic a t io n )  i n d i c a t e s ,  h o w e v e r ,  
that co r re la t io n s  b e tw e e n  z o n e s  of the s a m e  
name in E a s t  Y o r k s h i r e  and s o u th e r n  E n g la n d  
may require r e - a s s e s s m e n t .  M o r e o v e r  c o n f id e n t  
correlation be tw een  any g iv en  l o c a l i t i e s  in E a s t  
Y o rk sh ire  i t s e l f  shou ld  a w a i t  the  e s t a b l i s h m e n t  
o f  k e y  s t r a t ig r a p h ie  s e c t i o n s  r e l e v a n t  to the 
whole area.
In this r e s p e c t  i t  i s  n o te w o r th y  th a t  the 
primary m a r l s  a p p e a r  to be e x t r a o r d i n a r i l y  
persistent. Ind iv idua l  s e a m s  and b a n d s ,  
sequences of b an d s  and t h e i r  r e l a t i o n  to c e r t a i n  
other p r im a ry  s e d i m e n t a r y  f e a t u r e s  su c h  a s  
Inoceramus s h e l l  b e d s ,  h av e  p r o v e d  m o s t  v a lu -  
able in c o r r e la t io n  in N o r f o lk  (W a rd  and  o t h e r s ,
1968). In E a s t  Y o r k s h i r e  they  h a v e  b e e n  u se d  
10 correlate o v e r  55 k m  b e tw e e n  the  F l a m b o r o u g h  
Head section and th a t  in  the  H u m b e r s i d e  q u a r r i e s ;  
correlations o v e r  h u n d r e d s  of k i l o m e t r e s  s o u t h ­
wards may be p o s s i b l e  ( In s t i tu te  o f  G e o lo g ic a l  
Sciences, 1971).
At p re se n t ,  h o w e v e r ,  i t  i s  s t i l l  on ly  
practical to r e c o g n i s e  one s u b d iv i s io n  of the  
Chalk; this is  the o r ig in a l  L o w e r  C h a lk  of D akyns  
and F ox-S trangw ays (188G), w h ich  i s  bounded  
above and below by the  B la c k  B and  and the  Red 
Chalk respec tive ly .  B oth  a r e  l i l h o lo g ic a l ly  
distinctive and c h r o n o lo g i c a l ly  s ig n i f i c a n t ;  the 
Black Band being the  t h i c k e s t  (200 to 450 m m ) 
and darkest p r i m a r y  m a r l  in the  e n t i r e  C h a lk  
sequence and the Red C h a lk  a s t r o n g ly  c o lo u re d  
and much condensed  s e q u e n c e ,  1.5 to 7 .5  m  in 
thickness. It shou ld  be no ted  a l s o  th a t  J e f f e r i e s  
(1963) has ( |ues t ioned  the  ag e  of the  f o r m e r  in 
relation to i ts  s u g g e s t e d  e q u iv a le n t ,  the  i ’le n u s  
Marl, fu rthe r  sou th .
The Lower C ha lk  i t s e l f  i s  s o m e w h a t  d i s t i n c ­
tive because of the g e n e r a l  a b s e n c e  of f l in t s ,  the 
frequency of p r i m a r y  m a r l s  and  the p r e s e n c e  of 
a much higher p r o p o r t i o n  of n o n - c a l c a r e o u s  
impurities, inc lud ing  c l a y  m i n e r a l s  and  g la u c o n i te ,  
which impart p a l e - g r e y ,  g r e e n  and  p ink  c o l o u r i n g  
to certain h o r izo n s .  It i s  no t  of p r i m a r y  i n t e r e s t  
from the hy d ro lo g ic a l  v ie w p o in t  b e in g  on ly  18 to 
38 m thick and, e x c e p t  on the  l o w e r  p a r t  of the 
escarpment, b u r ie d  b e n e a th  m u c h  g r e a t e r  th i c k ­
nesses of the .M id d le /U p p er  C h a lk .
Not much can  be s a id  of the  h y d r o lo g ic a l ly  
important Chalk s e q u e n c e  ab o v e  the  B la c k  B and  
bevond that it  is  h igh ly  u n i f o r m  and  in c lu d e s  the  
niapped Middle and U p p e r  C h a lk  d iv i s io n s  of 
nkvns and F o x - S t r a n g w a y s  (1880). I t s  to ta l  
iiickness is c o n s id e r a b l e  but the  a c tu a l  t h ic k n e s s  
Pi^seni at any given lo c a l i t y  i s ,  of c o u r s e ,
®*g^ ly dependent on e r o s io n .  R e c e n t  w o rk  
‘^‘ggests su b s tan t ia l  s e d i m e n t a r y  v a r i a t i o n s  in 
Hickness h e re ,  a s  in the  L o w e r  C h a lk  ( In s t i tu te
of G e o lo g ic a l  S c ie n c e s ,  1971). F l in t s  a r e  
g e n e r a l l y  though t to b e c o m e  m u c h  l e s s  f r e q u e n t  
in o c c u r e n c e  above a h o r iz o n  in the  m id d le  of 
the  H agenow ia  r o s t r a t a  Z one  of W r ig h t  and 
W rig h t  (1942), s o m e  135 to 185 m  above  the 
B la c k  B and . T h ro u g h o u t  th i s  r e p o r t  s u b d iv i s io n  
of th is  s e q u e n c e  h a s  b ee n  av o id ed  w h e r e  p o s s ib le .  
When r e f e r e n c e  to the  e x i s t in g  l i t h o lo g ic a l  o r  
p a l a e o n to lo g ic a l  d iv is io n s  i s  m a d e ,  the r e s e r ­
v a t io n s  o u t l in ed  above apply.
E l e c t r i c a l  r e s i s t i v i t y  lo g g in g  of w a t e r -  
f i l led  b o r e h o le s  h as  b ee n  ap p l ied  to  the  C ha lk  of 
the  L on d o n  B a s in  both  f o r  s t r a t i g r a p h i e  c o r r e ­
la t io n  and  id e n t i f ic a t io n  (G ray ,  1965) and a l s o  
f o r  h y d r o g e o lo g ic a l  f o r m a t io n  e v a lu a t io n  (T a te  
and o t h e r s ,  1971). F o r  the  C ha lk  f o r m a t io n s  
r e s i s t i v i t y  h a s  b e e n  show n  to  r e l a t e  c l o s e l y  to 
i n t e r g r a n u l a r  p o r o s i t y  (E d m u n d s  and o t h e r s ,  
1973); the  h igh  r e s i s t i v i t y / l o w  i n t e r g r a n u l a r  
p o r o s i ty  b a n d s  a r e  s u g g e s te d  to be th o se  of 
g r e a t e s t  f i s s u r e  p e r m e a b i l i t y .  In E a s t  Y o r k s h i r e  
it  h a s  on ly  b ee n  p o s s ib le  to lo g  25 b o r e h o le s  to 
da te .  T he  L o w e r  C ha lk  i s  r e a d i l y  d i s t in g u is h e d  
by i t s  r e l a t i v e ly  low r e s i s t i v i t y ,  ty p ic a l ly  not 
e x c e e d in g  100 ohm  m. H o w e v e r  the l im i te d  
s a t u r a t e d  i n t e r v a l s  logged  and the a b s e n c e  of 
c o n t ro l  b o r e h o le s  a s  y e t  p r e c lu d e  s t r a t i g r a p h i e  
c o r r e l a t i o n  th ro u g h  the e n t i r e  s e q u e n c e .
T he  v a lu e s  of f o r m a t io n  r e s i s t i v i t y  fo r  
m u c h  of the  th ick  M id d le /U p p e r  C ha lk  s e q u e n c e  
f r e q u e n t ly  e x c e e d  250 ohm  m ,  p a r t i c u l a r l y  in i t s  
l o w e r  p a r t ,  with an  a p p a r e n t  te n d en c y  fo r  
i n c r e a s e  in the n o r th  and w e s t  of the  reg ion .
T h e s e  v a lu e s  a r e  h ig h e r  than  th o se  of even  the 
h a r d e s t  'c h a lk  r o c k '  b e d s  in s o u th e r n  E ng la n d  
(G ra y ,  1965), bu t c o m p a r a b le  w ith  m u c h  of the 
N o r th  L in c o ln s h i r e  C ha lk .  T he  g e n e r a l ly  
h a r d e r  and d e n s e r  a s p e c t  of the n o r t h e r n  Chalk , 
in  r e l a t i o n  to i t s  b e t t e r  known s t r a t i g r a p h i e  
e q u iv a le n t ,  i s  s ig n i f i c a n t  in  the h y d r o lo g ic a l  
co n tex t .  I t  h a s  b ee n  a t t r i b u t e d  to m o r e  e x te n s iv e  
r e c r y s t a l l i s a t i o n  and s e c o n d a r y  p o r e - s p a c e  
c e m e n ta t io n  by c a l c i t e  (H ancock  and K ennedy , 
1967); i t  i s  h o w e v e r  s t i l l  l e s s  than  in m o s t  
l im e s t o n e  f o r m a t io n s  and H ancock  (1963) h a s  
sp e c u la te d  on p o s s i b l e  s e d i m e n t a r y  and d ia g e n e t ic  
r e a s o n s .
H Y D R A U L I C  P R O P E R T I E S  OF R O C K  M A T E R I A L
At the  o u t s e t  of the  p r e s e n t  in v e s t ig a t io n ,  
the  ro c k  m a t e r i a l  of the  C ha lk  a q u i f e r  w as  
though t to p o s s e s s  low p e r m e a b i l i t y  ( In e so n ,  1962) 
and  h ave  m o d e r a t e  p o r o s i ty ,  though r a r e l y  
e x c e e d in g  a v a lu e  of 0 .20 (G ra y ,  1952). The 
l a t t e r ,  w h ile  b e in g  a p p r e c i a b l e ,  i s  c o n s id e r a b l y  
l o w e r  than  th a t  of s a m p l e s  f r o m  m o s t  h o r iz o n s  
of the  C h a lk  in  s o u th e r n  E n g la n d ,  e x c e p t  the  
w e ll  known 'h a r d '  b an d s  s u c h  a s  the  M e lb o u rn e  
Rock (E d m u n d s  and o t h e r s ,  1973). The l im i te d
W r ' " '
Plaie la . T o p ography  o f th e  A o rk s lû rc  W 'olds; lo o k in g  so u th -e a s t across W etw an g  E m b ay m en t tow  a id s H u ll V a lley
. . .  . - .  . .
la te  lb . East A o rk sliire  C h a lk ; q u a rry  ex)X)sure a t R uston  Parva  show ing c h a ra c te r is tic  jo in tin g
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b e n e a th  b rid g e  u n d er low flow cond itions
m
P la te  2b. Foston B eck  a t Foston M ill; w e ir used 
for flow gaug ing  w ith  re co rd e r housing 
a d ja c e n t
ogranime of laboratory  work carr ied  out on 
horLole sam ples in connection  with this  
investigation  (Appendix A) confirm ed  these  
■fits While w eathering  and tlie p r e s e n c e  of 
Colites  both had m ea su ra b le  e f fec t  on the 
Csical properties ,  e x tr e m e ly  low in tergranu lar  
permeabilities preva iled .  The im plica t ion  is  of 
C e e d i n g l y  sm all  grain  s i / e  and pore channel
radii.
According to In eso n  (1959a / d i s c u s s i o n  of 
19G0' 1ÜG2), p o re  w a te r  shou ld  not be ig n o re d  in 
the groundwater h y d r a u l i c s  of the C h a lk 's  
saturated zone. H o w ev er  the in t r o d u c t io n  of 
laboratory cen tr i fu g e  s p e c i f i c  y ie ld  t e s t s  
suggests that, in E a s t  Y o r k s h i r e ,  g ra v i ty  
drainage of clialk p o r e  w a te r  i s  u n l ik e ly  to be of 
more than m ino r  s ig n i f i c a n c e  in c o m p u ta t io n s  
of mass flow and m a s s  s t o r a g e  (Appendix  A).
Values of sam p le  s p e c i f i c  y ie ld  in the ran g e
0.001 to 0.0Ü9 w e re  o b ta in ed  with a m e a n  of only 
about Ü.ÜU2.
It is concluded tha t  Uie E a s t  Y o r k s h i r e  C halk  
is almost pu re ly  a ' f i s s u r e  f lo w ' a q u i f e r  with 
the bulk of the p o r e  w a te r  c o n s t i tu t in g  'p h y s ic a l ly  
immobile' s to rag e .  Flow and s to r a g e  of g r o u n d ­
water in the s a tu r a te d  /o n e  m u s t  o c c u r  in the 
physical d isc o n t in u i t ie s  of the rock  m a s s  ( jo in ts  
and less re g u la r  f i s s u r e s ,  so lu t io n  op en in g s ,  
fractures and c a v i t ie s ) .  P e r m e a b i l i t y ,  and 
therefore sa tu ra te d  flow r e g io n a l ly  and a ro u n d  
individual pumping b o r e h o le s  is  c o n t ro l le d  by 
the configuration of su c h  d i s c o n t in u i t i e s  with 
respect to the e x t e r n a l  o r  a p p l ied  head .
lOISTIS’C l \  T H E  C n . l I . K
The geom etry  of jo in t in g  and i t s  lo c a l  and 
regional var ia t ion  a r e  of c o n s id e r a b l e  s ig n i f i -  
caiKo in the study  of the C ha lk  a q u i f e r .  The 
existing l i t e r a tu r e  c o n ta in e d  l i t t l e  m e n t io n  of 
jointing and no fac ts .  A l im i te d  s u r v e y ,  u s ing  
conventional geo log ica l  f ie ld  m e th o d s ,  w as  thus 
undertaken to obta in  a c juan ti to tive  d e s c r ip t i o n  
of the jointing and s e c o n d a r y  s t r u c t u r e s  
(Appendix B) The d i s t r i b u t io n  of s u i t a b le  
'luari'v exposures ,  both g e o g r a p h ic a l ly  and 
^b’a tig ra p h ic a lly , i s  not r e g a r d e d  a s  su f f ic ie n t  
for a com prehensive s tudy .  D if f ic u l t ie s  w e r e  
ui^ o experienced in the d e f in i t io n  of s a m p l in g  
criteria and in a c tu a l ly  m a k in g  the m e a s u r e m e n t s .  
N evertheless som e s ig n i f ic a n t  o b s e r v a t io n s  of 
potential re levance  to the w a t e r - b e a r i n g  p r o p e r ­
ties of the Chalk w e r e  m a d e  and a r e  r e c a p i tu l a te d  
here.
The origin of the jo in t  s y s t e m ,  i t s  r e l a t i o n -
to the tectonic s t r u c t u r e  of the a r e a  and 
 ^0 modifying effec t of s u p e r f i c i a l  in f lu e n c e s  a r e  
complex subjects .  They  a r e  touched  upon b r i e f ly
Pf^ *^ t^ dix B but w e r e  d e l ib e r a t e ly  avo ided  in
fa v o u r  of a d i r e c t ly  d e s c r ip t i v e  a p p ro a c h ,  
b e c a u s e  of d a ta  in a d e q u a c ie s  and the u n c e r t a in ty  
of e x t ra p o la t io n .
In m o s t  q u a r r i e s  the f i r s t  i m p r e s s i o n  of the 
E a s t  Y o r k s h i r e  C halk  ( P la te  2) i s  tha t  of a f a i r ly  
m a s s i v e  bedded l im e s to n e  d o m in a te d  by f r e q u e n t  
m u l t i - d i r e c t io n a l  s te e p ly  inc l ined  m a j o r  jo in t s  
and even  l a r g e r  n u m b e r s  of m in o r  jo in ts .  Rapid 
w e a th e r in g  had added  to the n u m b e r  of d i s c o n ­
t in u i t ie s  p r e s e n t .  On c l o s e r  s tudy ,  the m a j o r  
inc l in e d  jo in t in g  f re q u e n t ly  a p p e a r e d  to f o rm  a 
s y s t e m  of a p p a re n t ly  con ju g a te  high ang le  s e t s  
( g r e a t e r  than  50° to the h o r iz o n ta l ) .  C e r t a in  
o r i e n t a t io n s ,  n o r th - w e s t  and e a s t - n o r t h - e a s t ,  
a r e  f re q u e n t ly  d o m in a n t  but g e n e r a l ly  a 
su f f ic ie n t  n u m b e r  of d i r e c t io n s  a p p e a r s  to be 
p r e s e n t  to p r e v e n t  any m a r k e d  o v e r a l l  a n i so t ro p y  
in  the h o r iz o n ta l  plane; a l though  ex c e p t io n s  w e re  
o b se rv e d .  M o r e o v e r  the v a r ia t io n  be tw een  
n e ig h b o u r in g  q u a r r i e s  im p l ie s  a m e a s u r e  of 
lo c a l  in f luence ,  p e r h a p s  r e la te d  to s u p e r f i c ia l  
f a c to r s ,  tha t  m a k e s  e x t r a p o la t io n  in to  unexposed  
a r e a s  im p o s s ib le .
The d e n s i ty  of m a j o r  in c l in e d  jo in t in g  is  
r e l a t iv e ly  high and d o es  not v a r y  g r e a t ly .  On 
the so m e w h a t  s u b je c t iv e  b a s i s  of coun t ing  the 
inc l ined  jo in ts  p r e s e n t  in h o r iz o n ta l  30 m 
s e c t io n s  of the m e a s u r e d  f a c e s ,  d e n s i t i e s  of the 
o r d e r  0.7 to  1.3 p e r  m e t r e  w e re  ty p ic a l ly  
r e c o rd e d .  G iven th e i r  m u l t i - d i r e c t i o n a l  a s p e c t ,  
the o v e r a l l  c o m m u n ic a t io n  be tw een  ind iv idua l  
jo in t  open ings  should  g e n e r a l ly  be u n r e s t r i c t e d .
The n e a r - h o r i z o n t a l  p h y s ic a l  d i s c o n t in u i t ie s  
inc lude  bedding  and s e c o n d a ry  s e p a r a t i o n  p la n e s  
and so m e  s y s t e m a t i c  jo in t s  a p p a r e n t ly  u n r e la te d  
to bedding. In the e x p o s u r e s  m e a s u r e d ,  they 
v a r ie d  in o v e r a l l  d e n s i ty  of o c c u r e n c e  f ro m
0.0 to 3.0 p e r  m e t r e  in the v e r t i c a l  p lane  and 
w e re  g e n e r a l ly  l e s s  frecjuent than the s ty lo l i te s .
An im p o r ta n t  o b s e rv a t io n  w as diat the 
s e c o n d a ry  f e a tu r e s  ( s ty lo l i te s  with  th e i r  
a s s o c ia te d  m a r l s  and f l in t  bands)  w e r e  in  g e n e r a l  
t r a v e r s e d  by the m a jo r  inc l in e d  jo in ts .  It a p p e a r s  
t h e r e f o r e  tha t  su c h  f e a tu r e s  a r e  not g e n e r a l ly  
ca p ab le  of re d u c in g  the v e r t i c a l  p e r m e a b i l i ty  of 
the rock  m a s s  su f f ic ie n t ly  to p ro d u c e  loca l  
p e r c h in g  o r  s elf  - co n f in e m en t  w ith in  the Chalk 
g ro u n d w a te r  body; th is  is  not in a g r e e m e n t  witii 
the o b s e rv a t io n s  of V e r s e y  (1948). The s a m e  
m ay  not be t r u e  of the th ic k e r  p r i m a r y  m a r l s ,  
whicli m a y  have s e a le d  the jo in t  p la n e s  by 
d e fo rm a t io n .
In p r a c t i c e  tiie re le v a n c e  of the f ie ld  
o b s e rv a t io n s  on jo in t in g  d epends  on the a n s w e r s  
to th r e e  d if f icu l t  q u es t io n s .
1. How f a r  i s  the  jo in t  p a t t e r n  at dep th  (below
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z o N A t  (Bi o s t r a t i g r a p h i c a l ) b o u n d a r i e s
W*iQlit .mil W iighl 1942 w ith revisions 
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.................   B ase of Upper llm iless Chalk
B.ise ol Chalk (mcludmy Red Chalk)
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inlerred Irom borehole data
__^  Line ol observed inlerred fault or tectonic d isturbance
sv pro)>able areas with perm eable Jurassic  stra ta  
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Inferred axis ol minor fold, direction ol plunge and 
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F ig .  2. S u m m a r y  of known te c to n ic  s t r u c t u r e  of the  E a s t  Y o r k s h i r e  C ha lk
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llic water table) a s im p le  ex tension  of that seen  
at the sui’faee ^
, llow rapidly d oes  r e d u c t io n  in the opening  of 
"on-vertical jo in t  p la n e s  o c c u r  with dep th  and 
""creasing overbui 'den  p r e s s u r e  and d o e s  it 
I c c u r  preferen tia l ly  in c e r t a i n  d i r e c t io n s ?
3 To what extent h ave  the jo in t  o pen ings  at 
certain d e p th s  been m o d if ie d  b y  so lu t io n  and o th e r
processes?
To the au th o rs '  know ledge  1 and 2 have  not 
been answered by s y s t e m a t i c  in v e s t ig a t io n  in 
tills or any c o m p a ra b le  f o r m a t io n  and canno t 
be evaluated'witii s u r f a c e  g e o p h y s ic a l  tech n iq u e s .
In respect of 3, l a r g e  so lu t io n  f e a t u r e s  (k a r s t )  
are not known in the E a s t  Y o r k s h i r e  C ha lk ,  
although some so lu t io n  h a s  and d o e s  o c c u r ;  i t  is  
discussed below in r e l a t io n  to  p e r m e a b i l i t y  
development in the C ha lk  aq u i fe r .
TF.CTOSIC FE. t Tl'liF.S .iFFFCTIXd THE CUAl.K
The Y orksh ire  W olds r e p r e s e n t  the o u tc ro p  
of an open s o u th - e a s te r ly  p lu n g in g  sy n c l in e ,  the 
general scale of which is  d e f in e d  in F ig .  2 by 
the structure c o n to u rs  on tlie b a s e  of the  C ha lk .  
These contours a r e  b a s e d  on the b o r e h o le  
evidence available in the I n s t i t u t e ' s  r e c o i d s ;  
estimates based on a s s u m e d  th i c k n e s s e s  fo r  the 
Lower Chalk a r e  inc luded  w h e r e  b o r e h o le s  did 
not penetrate mucii beyond the B lack  Band and 
coverage is poor. Som e 50 km  o f f - s h o r e  in the 
North Sea, the l im i t  of the e a s t e r n  l im b  of the 
syncline has been lo c a te d  by Donovan and Dingle 
liüGô),
The minor s t r u c t u r e s  w i th in  the m a in  
syncline are not fully e s t a b l i s h e d  In a r e la t iv e ly  
flat-lying thick s e q u e n c e  the a b s e n c e  of m a r k e d  
liihological changes and u n c e r ta in t y  s u r ro u n d in g  
the bios trail graphic  s u b d iv i s io n ,  coup led  with  
infrequent exposure  in s o m e  a r e a s ,  have  to d a te  
precluded the de ta i led  m a p p in g  of the s t r u c t u r e .
The se ries  of m in o r  fold a x e s  m a r k e d  in F ig .  2 , 
%hich plunge co n c o rd an tly  w ith  the m a in  
structure, resu lt  fi 'om a s t r u c t u r a l  i n t e r p r e t a t i o n  
of the liiliological and zona l b o u n d a r ie s  in d ic a ted ,  
hne exception is the 1-o rd o n  a n t ic l in e ,  in  the 
«treme north (F igs .  2 and 3.A), w h ich  i s  b a s e d  
on borehole evidence. Som e s ig n i f ic a n c e  w ould 
oppcai- to be at tached  botli to the a g r e e m e n t  of 
hiilividual bou n d a i i e s  and to tlie a c tu a l  
Pttlaeoniological b o u n d a r ie s  s e l e c t e d  (Wood, C.,1. , 
poisonal com m unication) , but it  fo llow s f ro m  
tie above discussion tha t  any d e m o n s t r a t i o n  of 
tninot s ti 'u c tu re  based  on e x i s t i n g  b i o s t r a t i - 
?'nphical co rre la tion  m ay  be open  to q u e s t io n .
^sli'ucTure co n tou rs  in Fig. 2 do not show 
J “ i.'»l)oiulvnue with the p o s tu l a te d  m i n o r  fo lds ,  
‘-•ould be a t t r ib u ta b l e  to in su f f ic ie n t
b^'ole c o n tro l and the l a r g e  c o n to u r  i n te r v a l  
«^'■^ wiucntiy adopted.
1 be dip of the C halk  in E a s t  Y o r k s h i r e  is  
s l ig h t  ( le s s  than 5° and f re q u e n t ly  only  0 to 2® ), 
ex c ep t  lo c a l ly  w h e re  te c to n ic  and s u p e r f i c i a l  
d i s t u r b a n c e s  a r e  p r e s e n t  (Fig . 3). A ll of the 
known l in e s  of te c to n ic  d i s tu rb a n c e  a r e  m a r k e d  
in F ig .  2 but they have l i t t le  s u r f a c e  e x p r e s s io n  
and can only be s e e n  r e a d i ly  in q u a r r i e s ;  i t  is  
s u s p e c te d  tha t m any  m o r e  m ay  be p r e s e n t .
W h ere  ex p o sed ,  th e s e  s t r u c t u r e s  often  o c c u r  in 
a r e a s  of f la t - ly in g  s t r a t a  and c o n s i s t  of v e ry  
n a r r o w  b e l t s  of s t r o n g  fo ld ing and f r a c tu r e  
a p p a r e n t ly  w ithout a p p r e c ia b le  th row . M ost a r e  
a l igned  w e s t - e a s t .  The type of a s s o c ia te d  rock  
a l t e r a t io n  at s u r f a c e  d o es  not a p p e a r  to include 
s u f f ic ie n t  c lay  gouge o r  c e m e n te d  b r e c c i a  to 
im p e d e  g ro u n d w a te r  m o v e m e n t  should  th e se  
s t r u c t u r e s  be p r e s e n t  a t  depth .
The m a in  n o r th - s o u th  d i s tu r b a n c e  (Fig. 2), 
the  H unm anby F a u l t ,  i s  d i s t in c t iv e  in hav ing  
c o n s id e r a b l e  v e r t i c a l  a n d / o r  l a t e r a l  d i s p la c e m e n t  
r e v e a le d  by a sh if t  of the e s c a r p m e n t ,  and is  
a p p a r e n t ly  r e s p o n s ib le  f o r  a c o m p a r a b le  
d i s p l a c e m e n t  in  the G r e a t  Wold V alley .  I ts  final 
m o v e m e n t  m u s t  p o s t - d a t e  the w e s t - e a s t  
d i s t u r b a n c e s ,  one of which i t  n o t ic e a b ly  d is p la c e s .
In the e x t r e m e  n o r th - w e s t  of the W olds, 
ev id en c e  f ro m  a r e c e n t ly  d r i l l e d  b o re h o le  (fi4 '
148 in F ig .  3C) s u g g e s ts  tha t at l e a s t  one s iz e a b le  
fau l t  of unknown o r ie n ta t io n  a f fec ts  the C halk  
n e a r  the jun c t io n  of T h ixenda le  and B u rd a le .
The s t r u c t u r e  in the a r e a  of the n o r t h - w e s t e r n  
e s c a r p m e n t ,  and to a l e s s e r  e x ten t  tha t  of the 
r e s t  of the e s c a r p m e n t ,  i s  c o m p lic a te d  by 
e x te n s iv e  s u p e r f i c ia l  m o v e m e n ts  ( M o r t im e r ,
1879).
The e x i s t in g  l i t e r a t u r e  c o n ta in s  m uch  
d i s c u s s io n  on the in f lu e n ce  of p o s s ib le  p o s ­
thum ous  m o v e m e n ts  on p r e - e x i s t i n g  s t r u c t u r a l  
l in e s  in the u n d e r ly in g  ro c k s .  V e r s e y  (1947) 
s u g g e s te d  a connec t ion  be tw een  the w e s t - e a s t  
Chalk  d i s t u r b a n c e s  and the w e s t - n o r th - w e s t  
fau l t  s y s t e m  of the  J u r a s s i c  s t r a t a  in  the 
H ow ard ian  H ills ,  d e s p i te  the c l e a r  u n c o n fo rm ity  
of the C r e t a c e o u s  s u c c e s s io n  on th e se  s t r a t a  
s o u th - e a s t  of Malton. It i s  of note that r e c e n t  
w ork  (Kent, 1967; B r u n s t r o m  and W alm s ley ,
1969; Dingle, 1970) im p l ie s  th a t  th is  belt  of 
te c to n ic  d i s tu rb a n c e  m ay  be p a r t  of a fu n d a ­
m e n ta l  s t r u c t u r a l  l ine  of long  continued  m o v e ­
m e n t  s t r e t c h in g  f ro m  the P e n n in e s  fo r  l a r g e  
d i s t a n c e s  o f f - s h o r e  into the N orth  Sea. If th is  
is  the c a s e  the s t r u c t u r e  of the E a s t  Y 'o rksh ire  
C halk ,  r ig h t  a c r o s s  the n o r th e r n  p a r t  of the 
W olds,  could  be expec ted  to be m uch  m o r e  
com plex  tlian has  been  in d ic a ted  (Fig. 2) and 
th is  could p ro v e  to have s ig n i f ic a n t  h y d ro -  
g eo lo g ica l  im p l ic a t io n s .  The th ic k n e s s  
v a r i a t io n s  in the Chalk  su b d iv is io n s  c u r r e n t l y
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coming to iiglit m a y  a l s o  r e f l e c t  so m e th in g  of 
the same in f luences .
Throughout J u r a s s i c  and L o w e r  C r e t a c e o u s  
time, s e d im e n ta t io n  in E a s t  Y o r k s h i r e  a p p e a r s  
to have been d o m in a te d  by p e r s i s t e n t  but 
intermittent uplift c e n t r e d  a long  a s t r u c t u r a l l y  
active belt runn ing  a p p r o x im a te ly  w e s t - e a s t  
across the a r e a  n o r th  of .Market W eighton 
(Kent, 1955). M a rk e d  l a t e r a l  v a r i a t io n s  in 
thickness and f a c ie s ,  o v e r l a p s  and o ff laps  a r e  
evident at m any  of the h o r iz o n s  u n d e r ly in g  the 
Chalk e s c a rp m e n t  wiien t r a c e d  f r o m  the  H u m b e r  
at North F e r r ib y  o r  the N o r th  S ea c o a s t  at 
Speeton tow ards  M a rk e t  W eighton.  A full 
descripton of J u r a s s i c / L o w e r  C r e t a c e o u s  
stratigraphy is  not a p p r o p r i a t e  h e r e  and a 
simplified s u c c e s s io n  is  p r e s e n t e d  (T ab le  1).
It is recognised  tha t  the p ro fo u n d  d i f fe r e n c e  
and thickness v a r i a t i o n s  in tlie J u r a s s i c  s e q u e n c e  
in East V o rk s l i i re  n o r th  and sou th  of the M a rk e t  
Weighton a r e a  (W ilson . 1948) a r e  not r e p r e s e n te d .
Table 1. S im plif ied  g eo lo g ica l  s u c c e s s io n  
E a s t  Y o r k s h i r e .
R e c e n t  a l lu v iu m  
and r i v e r  g r a v e l s
Quaternary
P le i s to c e n e  
H o u ld e r  C la y  with  
g la c ia l  g r a v e l s
D is tu r b e d  and 
r e d i s t r i b u t e d  cha lk
c:
wCi-
Upper
C re taceo u s
U p p e r  and  M iddle 
C halk
B
O'
<
L o w e r  C ha lk X
Lower
C re taceo u s
Red C h a lk  and 
C a r s t o n e u
S peeton  C la y  S e r i e s
K im m e  r id g e  C la y
C o r a l l i a n  L im e s to n e  
S e r i e s
O xfo rd  C la y
K e l la w a y s  Rock
Ju rass ic
M iddle J u r a s s i c  
o o l i t e s  and  s a n d ­
s to n e s
U p p e r  L ia s
M iddle  L ia s
L o w e r  L ia s
R h a e t ic
Chalk  s e d im e n ta t io n  w as not d o m in a te d  by 
the M a rk e t  Weighton s t r u c t u r e  although  so m e  
m ild  in f luence  m a y  be p r e s e n t .  The b a s e  of the 
Chalk  thus o v e r s t e p s  the  L o w e r  C r e t a c e o u s /  
J u r a s s i c  s t r a t a ;  th is  e f fec t  being  s t r o n g e s t  in the 
M a rk e t  Weighton a r e a  and in the n o r th - w e s t  
w h e re  d i s t r ib u t io n  of J u r a s s i c  ro c k s  is  a ffec ted  
by the H ow ard ian  H ills  fau l ts .  A s a  r e s u l t  the 
C halk  r e s t s  on a v a r ie ty  of ro ck  types  inc lud ing  
a l l  th o se  fo rm a t io n s  in T ab le  1 down to the L o w e r  
L ia s ,  the m a x im u m  o v e r s te p  o c c u r in g  at Good- 
m a n h a m ,  j u s t  n o r th  of M a rk e t  Weighton.
In p r a c t i c e  the  m a jo r i t y  of ro c k s  u n d e r  the 
C halk  a r e  v i r tu a l ly  aq u ic lu d e s  o r  have  v e r y  
r e s t r i c t e d  p e r m e a b i l i t y  (Speeton C lay  S e r i e s ,  
K im m e r id g e  C lay ,  O xford  C lay ,  m o s t  of the 
L ia s ) .  They  f o rm  the lo w e r  h y d ra u l i c  boundary  
of the C halk  a q u i fe r  (Tab le  1) o v e r  l a r g e  a r e a s ,  
c a u s in g  a l ine  of co n ta c t  s p r in g s  a t the ou tc rop  
of the junc t ion  a l l  a long  the e s c a r p m e n t  and 
exp la in ing  i t s  e s s e n t i a l  unity  a s  a h y d ro lo g ic a l  
s y s t e m .  It should  be no ted  th a t  the Red Chalk 
and C a r s to n e  (a thin f e r r u g in o u s  c o n g lo m e r a t i c  
sa n d s to n e  only p r e s e n t  in a few lo c a t io n s )  a r e  
inc luded  in  the C ha lk  a q u i fe r ,  a l though in 
p r a c t i c e  they  a r e  of l i t t l e  h y d ro lo g ic a l  
s ig n i f ic an c e .
T h e r e  a r e  h o w e v e r  s o m e  r e la t i v e ly  p e r m e ­
ab le  s t r a t a  in the J u r a s s i c  of the a r e a .  F o s t e r  
(1968) iden tif ied  th r e e  m in o r  a q u i f e r s  in the 
J u r a s s i c  se q u e n c e  be tw een  M a rk e t  W eighton 
and the H um ber .  S e v e r a l  e x i s t  at s i m i l a r  
h o r iz o n s  n o r th  of M a rk e t  Weighton. O v e r  
l im i te d  a r e a s  c lo se  to the e s c a r p m e n t  (F ig .  2) 
th e se  a r e  p ro b a b ly  in h y d ra u l i c  con t inu i ty  with 
the Chalk  a q u i fe r ,  a f a c to r  tha t  m a y  in f luence  
the p o s i t io n  of the Chalk  g r o u n d w a te r  d iv ide  
lo c a l ly .  The d i s t r ib u t io n  of the U p p er  
C r e t a c e o u s / J u r a s s i c  s t r a t a  b en e a th  the Chalk  
away f r o m  the e s c a r p m e n t  i s  not known in de ta i l .  
K ent (1967) r e p o r t s  tha t  J u r a s s i c  r o c k s  a r e  
p r e s e n t  a t dep th  th roughou t  E a s t  Y o r k s h i r e .
The p o s s ib i l i ty  of deep  g r o u n d w a te r  c i r c u la t io n  
in to  o r  out of the a r e a  is  thus r e n d e r e d  e x t r e m e l y  
unlikely .
T E R T I A R  y - Q U A  T E R X A R  Y  M O l J / E / C A  T / O X S
In E a s t  Y o r k s h i r e  th e r e  a r e  no s t r a t a  
r e p r e s e n t in g  the T e r t i a r y  e r a ,  d u r in g  which 
t im e  the p r e v io u s ly  d e s c r ib e d  d e f o r m a t io n  of 
the Chalk  s t r a t a ,  in c lu d in g  the fo ld ing and 
ti l t in g  of the m a in  sy n c l in e ,  o c c u r r e d .  T h is  w as 
an ex ten d e d  p e r io d  of up lif t  and e r o s io n  when 
the e s c a r p m e n t  and o th e r  e s s e n t i a l  f e a tu r e s  of 
the p r e s e n t  topog raphy  w e re  deve loped .  The 
W olds su f fe re d  p ro lo n g ed  denuda tion  and c o n ­
s id e r a b le  th ic k n e s s e s  of the u p p e r m o s t  d iv is io n s  
of the Chalk  w e r e  r e m o v e d  f ro m  the h ig h e r  
ground. A d ip - s lo p e  deve loped  in which the
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general inclinaLioti of llio s tra ia  i s  nearly  
p aralle l to, but s l ig l i l ly  sleepc*r tlian, tliat 
of I lie land.
Tlie T e r t i a r y  to p o g ra p h y  of the a r e a  w as  then 
su b s tan t ia l ly  m o d if ie d  b y  the g la c ia l ,  i n t e r g l a c i a l ,  
periglacial and p o s tg l a c i a l  p r o c e s s e s  of the 
Q u a te rn a ry .  D u rin g  the P l e i s to c e n e ,  e x te n s iv e  
composite  ic e  s h e e t s  r e p e a te d ly  m oved  in to  the 
l iolclerness a r e a  ab u t t in g  a g a in s t ,  e n c r o a c h in g  
onto and p ro b a b ly  o v e r to p p in g  the W olds. S u b ­
sequently in R e c e n t  g e o lo g ic a l  t im e ,  a d r a in a g e  
system d eve loped  on the g la c ia l  d e p o s i t s ,  in 
response to  the im m e d ia t e  p o s tg l a c ia l  to p o g rap h y ,  
and the c u r r e n t  a g e n ts  of e r o s io n  and d e p o s i t io n  
have in itiated f u r t h e r  c h a n g es .
Q uaternary  p r o c e s s e s  h ave  g r e a t ly  in f lu e n ced  
ilie present h y d ro lo g ic a l  l eg i ine .  T hey  have  
affected the C ha lk  g r o u n d w a te r  r e s e r v o i r  
directly by the e r o s io n  and w e a th e r in g  of i t s  
surficial l a y e r s  at l e v e l s  now in the s a tu r a t e d  
zone. (R ac ia l  p r o c e s s e s  a l s o  led  to the d e p o s i ­
tion in the lo w e r  ly ing  a r e a s  of a c o v e r  of v a r ia b le ,  
mainly low p e r m e a b i l i t y ,  g e o lo g ic a l  m a t e r i a l s  
(the supe rf ic ia l  o r  d r i f t  d e p o s i t s ) ,  w hich  confine  
the Chalk g r o u n d w a te r  s y s t e m ,  allow ing only 
localised d i s c h a r g e ,  o r  r e s t r i c t  r a t e s  of p r e c i ­
pitation r e c h a r g e  g e n e r a t in g  s u r f a c e  ru n -o f f .
The liihological c h a r a c t e r  of the d r i f t  c o v e r  
determines the re la t io n s l i ip  b e tw e en  the C halk  
aquifer and the s tu fac e  w a t e r c o u r s e s  in a r e a s  
away from the s p r in g h e a d s .  Som e 
permeable s t r a t a  with  t h e i r  own m in o r  g r o u n d ­
water sy s tem s  a r c  p r e s e n t .
The buried e r o s i o n  s u r f a c e  f o r m in g  the top 
of the Chalk lias been  c o n to u re d  f r o m  e v id e n c e  
of about 120 b o r e h o le s  c o n ta in e d  in the I n s t i t u t e ' s  
records (Fig. 4). Two d i s t i n c t  ty p e s  of e r o s io n a l  
features, an old c o a s t l in e  and s o m e  m a j o r  
channels, a r e  r e v e a le d .
The old b u r ied  c o a s t l in e  r u n s  in the s u b s u r f a c e  
from n o r th -e a s t  of B r id l in g to n  a ll  a long  the  
eastern flank of the W olds (F ig .  4) m e e t in g  the 
Humber to the e a s t  of B e s s i e  and co n t in u in g  
into North L in c o ln s i i i r e ;  lo c a l ly  i t  r e a c h e s  the 
dimension of a b u r ie d  cl iff.  C a t t  and P en n y  
(19G6) date the f e a tu r e  to a P le i s to c e n e  I n t e r -  
Siacial, and s u g g e s t  th a t  i t  w a s  a s s o c i a t e d  w ith  
 ^ relative sea  lev e l  of abou t +1.5 m ÜD. In the 
'■'iciniiy of the f e a tu r e ,  the b u r ie d  s u r f a c e  of 
die Chalk lias e x p e r ie n c e d  m a r i n e  e r o s i o n  and 
exceptionally high p e r m e a b i l i t y  i s  l ik e ly  to be 
associated with deep  f i s s u r i n g  and b ea ch  
deposits. Its le v e l  and lo c a t io n  a r e  su c h  a s  to 
it po ten tia l ly  of m a j o r  s ig n i f ic a n c e  in the 
Regional l iydro log ical r e g im e .
f^ He m ajor  b u r ie d  ch a n n e l  in the H o rn s e a
a r e a  (F ig .  4) d o e s  not a p p e a r  to have  equal 
h y d ro lo g ic a l  s ig n i f ic a n c e  b e c a u s e  it  i s  loca ted  
beyond the l im i t s  of the a r e a  of l a r g e  s c a le  
n a t u r a l  g r o u n d w a te r  c i r c u la t io n .  The r e l a t i o n ­
sh ip  of th is  channe l ,  and th a t  in the B r id l in g to n  
a r e a ,  to v a r i a t i o n s  in the s t a te  of w e a th e r in g  of 
the b u r ie d  C halk  s u r f a c e  and in the c h a r a c t e r  of 
the d r i f t  d e p o s i t s  i s  unknown. Both c h a n n e ls  a r e
p e r h a p s  of s u b a e r i a l  o r ig in ,  p ro d u c e d  d u r in g  a 
p e r io d  of s u b s t a n t i a l ly  lo w e r  s e a  le v e l ,  but could 
e q u a l ly  be c o m p a r a b le  to the b u r ie d  ' tu n n e l  v a l l e y s '  
in the C ha lk  of E a s t  A nglia  (W oodland, 1970) o r  
to the b u r ie d  ' f jo r d '  at K i rm in g to n  in N o r th  
L in c o ln s h i r e .  They  a p p e a r  to beax' so m e  
r e la t io n s h ip  to the l a r g e r  di'y v a l le y s  in the 
W olds,  w hose  o r ig in  h a s  been  a t t r ib u te d  to s u b ­
a e r i a l  h e a d w a rd  e r o s io n  of m a j o r  s p r in g s  
d u r in g  the m o r e  hum id  T e r t i a r y / ( ^ u a t e r n a i ’y 
p e r io d s  of h ig h e r  w a te r  tab le  ( l ,ew in ,  1969). 
S ubaei’ia l  o r  s u b g la c i a l  m e l iw a t e r  e r o s io n ,  of a 
land s u r f a c e  r e n d e r e d  i m p e r m e a b le  by p e r m a ­
f r o s t  have  a l s o  bee n  s u g g e s te d  fo r  th e i r  o r ig in .  
H ow ever ,  th is  d r y  v a l le y  n e tw o rk  ca n n o t  d i r e c t ly  
in f luence  the p r e s e n t  day  hydrogeolog\^  of the 
C ha lk ,  e x c e p t  w h e re  the w a te r  tab le  i s  not f a r  
below the land  s u r f a c e .
T h ro u g h o u t  E a s t  Y o r k s h i r e  the s u r f a c e  
l a y e r s  of the C ha lk ,  w h e t h e r  o r  not di ' if t  cove i ed, 
liave been  a f fe c te d  by P l e i s to c e n e  c iy o tu i 'b a t io n  
( f r o s t  ac tion) and so l i f lux ion  ( c r e e p  o r  flow).
In m any  p l a c e s  a l a y e r ,  up to 1 2 m th ick ,  of 
in s i tu  b ro k e n  up cha lk  (ca l le d  'c h a lk  b e a r in g s '  
by w a te r - w e l l  d r i l l e r s ) , o r  a I 'e -d i s t r ib u te d  
c l ia lk - f l in t  g r a v e l ,  i s  p r e s e n t .  I t  ca n  be s e e n  
in m any  q u a r r i e s .  W h ere  the s u r f a c e  of the 
C ha lk  is  b u r ie d  s u f f i c ie n t ly  deep  f o r  the b e a r ­
ings  to o c c u r  in the zone  of s a tu r a t i o n ,  they m ay 
be r e s p o n s ib le  f o r  g r o s s  p e r m e a b i l i t y  va id a t  ion. 
L o c a l  d i f f e r e n c e s  in ic e  ac t io n  a p p e a r  to be 
r e s p o n s i b l e  fo r  r e p l a c e m e n t  of the ' b e a r i n g s '  
by an  i m p e r m e a b le  'p u t ty  ch a lk '  which  h as  been 
r e p o r t e d  in b o r e h o le s  a t  a few s c a t t e r e d  
lo c a t io n s .
The s t r a t i g r a p h y ,  litholog>^ and d is t id b u tio n  
of the d r i f t  c o v e r  in the n o r th e r n  p a r t  of the 
Hull V a lley  a r e  of eq u a l  im p o r t a n c e  to a d e ta i led  
u n d e r s ta n d in g  of the C ha lk  hydrolog}-. The m o s t  
i m p o r t a n t  d e p o s i t  i s  the B o u ld e r  C lay ,  
c o n s id e r e d  to be a s e r i e s  of g la c ia l  t i l l s  o r  
g round  m oi a in e s  of the ice  s h e e ts .  It i s  thought 
to f o rm  a co n t in u o u s  c o v e r  of the Clialk tl irougii-  
out the U p p e r  Hull V a l ley  enc i 'oach ing  onto the 
f lan k s  of the W olds and the h ig l ie r  g round  of tlie 
F la m b o r o u g h  P e n in s u l a r .
Two p r o b le m s  a r e  a p p a r e n t  when a t te m p t in g  
to u s e  the p u b l ish ed  w o ik  on the P le i s to c e n e  
s t r a t i g r a p h y  of E a s t  Y o r k s h i r e  fo r  p r a c t i c a l  
h y d ro lo g ic a l  p u r p o s e s .  • F i r s t l y ,  m u c h  co n fu s io n
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su r ro u n d s  the n o m e n c la tu r e  of sub d iv is io n ;  
different au th o rs  hav ing  u se d  the s a m e  t e r m s  
with different m e an in g .  Second ly ,  m o s t  w ork 
refers a lm ost e x c lu s iv e ly  to the  e x c e l le n t  c o a s ta l  
e x p o s u re s  in B r id l in g to n  Bay and H o ld e r n e s s  and 
at Hessle and not to the m a in  a r e a s  of p r e s e n t  
interest, w h e re  e x p o s u re  i s  l im i te d  to sha llow  
pits.
The m ost r e c e n t  and c o m p r e h e n s iv e  w ork  
(Catt and Penny , lUGG) b a s e d  i t s  fo u r - fo ld  s u b ­
division on s tudy of the m in o r  v a r i a t i o n s  in g ra in  
size and m in e ra lo g y  of the t i l l  m a t r i c e s ,  the 
statistics of e r r a t i c  o c c u r r e n c e ,  heavy  m i n e r a l  
assemblages, and the f ie ld  r e l a t i o n s  of f o s s i l i -  
ferous horizons in  the  b e t t e r  e x p o s u r e s .  B e c a u s e  
of the uncer ta in ty  of the d i s t r i b u t io n  of th e se  
units it is not p ro p o s e d  to p r e s e n t  th e i r  d e ta i l .  
However both the D ra b  T i l l ,  6 to 12 m th ick  and 
the uppermost unit the H e s s le  T i l l ,  up to 5 m 
in thickness, a r e  though t to be l a t e r a l l y  p e r s i s t e n t .  
Their l ithologies a r e  s t r o n g ly  in f lu e n ced  by the 
source of dom inan t e r r a t i c  m a t e r i a l ,  which fo r  
the Hessle T ill  i s  C halk  but fo r  the D rab  T i l l  i s  
very variable inc lud ing  s ig n i f ic a n t  p r o p o r t i o n s  
derived from T r i a s s i c  and C oa l M e a s u r e s  S a n d ­
stones. In g e n e ra l  a l l  tlie B o u ld e r  C lay  can be 
expected to p o s s e s s  l im i te d  but p o s s ib ly  s ig n i f i ­
cant perm eab il i ty ,  due to sandy  ' s t r i n g e r s '  and 
to limited ' f i s s u r i n g ' ,  but v e ry  l i t t l e  f ie ld  o r  
laboratory te s t  d a ta  a r e  av a i la b le .
There has been  m u c h  d i s c u s s io n  on the age 
and history of the g la c ia t io n  r e p r e s e n t e d  by the 
Holderness se<|uence of b o u ld e r  c la y s  ( fo r  
example. B isa t ,  1940; C a t t  and P en n y ,  19GG) 
hut it is not of d i r e c t  r e le v a n c e  h e re .  The 
deposits of g rav e l  in ie r d ig i t a t e d  lo c a l ly  in the 
Boulder Clay se ijt ience ,  about w hich  su c h  a 
discussion c e n t r e s ,  a r e  h o w e v e r  of s o m e  h y d ro -  
logical s ign if icance and m a y  c o n t r ib u te  a b a s e -  
flow to the s u r f a c e  w a t e r c o u r s e s .
Glacial g ra v e ls  and s a n d s  o c c u r  a s  b eds ,  
lenses, channels  and r id g e s ,  a t  a n u m b e r  of 
levels in the se q u e n c e ,  p a r t i c u l a r l y  at i t s  top; 
the geometry and c h a r a c t e r  of the g r a v e l  b o d ie s  
is strongly dependen t on th e i r  r e l a t io n  to the 
glacial sys tem  as  a whole. In E a s t  Y o r k s h i r e  
most are outwash c o m p le x e s ,  in w hich  the 
onginal g lacial t i l l  h a s  bee n  s o r t e d  by the ac t ion  
of meltwater, and ice  c o n ta c t  f e a t u r e s  a r e  
relatively r a r e .  O v e r  p a r t s  of the U p p e r  Hull 
Valley, the h ig h e r  g r a v e l s  in the s e q u e n c e  fo rm  
ihe present land s u r f a c e  a l though ,  in  the 
Piesence of c o n s id e r a b l e  r e w o rk in g ,  they  a r e  
difficult to d is t in g u ish  f ro m  l a r g e r  s p r e a d s  of 
post-Ilfsslc g ra v e l  a s s o c i a t e d  with the f inal 
*oireat of the ice s h e e ts .
Hie glacial d e p o s i t s  have  a c o v e r  of a l lu v ia l
c la y s  and s i l t s ,  g ra v e l ly  s a n d s  and pea t ,  
a s s o c ia te d  with the  d ev e lo p m e n t  of the c u r r e n t  
d r a in a g e  s y s t e m .  The sha llow  g eo lo g ica l  
cond i t ions  in the im m e d ia te  v ic in i ty  of the 
ch an n e l  of the R iv e r  Hull and i t s  t r i b u t a r i e s  
a r e  p ro b a b ly  of m o s t  i n t e r e s t  b e c a u s e  they  
r e l a t e  to i t s  bank s to r a g e ,  to bank l o s s e s  into  
the l a n d - d r a in a g e  s y s t e m  and to the  sha llow  
underf low  b enea th  r i v e r  gauging s ta t io n s .
Hydraulic Behaviour of the Chalk Aquifer
I N T R O i n I C T O R Y  R E M A R K S
At an e a r ly  s ta g e  in the in v e s t ig a t io n  of 
s a tu r a t e d  flow in any c a rb o n a te  a q u i fe r  
p o s s e s s i n g  s ig n i f ic a n t  s e c o n d a ry  p o r o s i ty ,  i t  i s  
w ise  to c o n s id e r  the bene f i t  o r  h a r m  in a t t e m p t ­
ing  to  a t t r ib u te  i t  with conven tiona l  c o e f f ic ie n ts  
of t r a n s m i s s i b i l i t y  (T) and s to r a g e  (S) (S tr in g -  
f ie ld  and L e  G ra n d ,  1969). If the fo rm s  of 
s e c o n d a ry  p o r o s i ty  a r e  s y s t e m a t ic a l l y  d i s t r i ­
buted ,  even  in  a g r o s s  way, the a p p ro x im a te  
d e t e r m in a t io n  of the b a s ic  h y d ra u l ic  p r o p e r t i e s  
of the m a in  e l e m e n ts  of the g ro u n d w a te r  s y s te m ,  
the boundary  of e a c h  e le m e n t  in depth  
and s p a c e  and the h y d ra u l ic  cond it ions  a t  those  
b o u n d a r ie s  is  fully  ju s t i f ie d  and of c o n s id e ra b le  
value.
The c h a r a c t e r i s t i c s  of the p r e v a i l in g  re g im e  
of g r o u n d w a te r  flow and s to r a g e  in  the  Chalk 
a q u i fe r  have not been  e s ta b l i s h e d  p r e v io u s ly  at 
any s i t e  in E a s t  Y o rk s h i r e .  I ts  h y d rau l ic  
b e h a v io u r  in the o u tc ro p  a r e a  was a p a r t i c u l a r  
ques t ion .  H e a r s a y  ev idence  su g g e s te d  that,  in 
s o m e  a r e a s ,  flow s y s t e m s  could be r e s t r i c t e d  
to v e ry  few d i s c r e t e  condu its  and f re q u e n t  
'p e rc l i in g '  m ig h t  be p r e s e n t ,  a l though  th is  was 
h a rd  to r e c o n c i le  with the f re q u e n c y  of jo in t ing  
s e e n  in  q u a r r i e s  (Appendix B) and the g r o u n d ­
w a te r  le v e l  data .  The b o u ndary  be tw een  the 
z o n e s  of a e r a t io n  and s a tu r a t io n  o v e r  m o s t  of the 
o u tc ro p  s e e m e d  to be a s  c l e a r ly  defined  as  in 
w a te r  tab le  s t o r a g e / i n t e r g r a n u l a r  flow aq u ife rs .  
On d r i l l in g  b o r e h o le s  the  w a te r  g e n e r a l ly  r i s e s  
so m e w h a t  a f t e r  f i r s t  be ing  s t r u c k ,  but th is  r i s e  
w as  found to be l e s s  than  1 m  in m o s t  c a se s .
T h e r e  a r e ,  ho w ev e r ,  m in o r  w a te r  le v e l  
f lu c tu a t io n s  in r e s p o n s e  to r a p id  ch a n g es  in 
b a r o m e t r i c  p r e s s u r e .
The n a tu r e  of the g ro u n d w a te r  flow re g im e  
m ay m o s t  r e a d i ly  be ev a lu a te d  f ro m  a pum ping  
te s t ,  g iven  know ledge of the geo lo g ica l  conditions 
in the a r e a  c o n c e rn e d  and adequa te  d a ta  co n t ro l  
th rough  the d r i l l i n g  of o b s e rv a t io n  b o reh o le s .
The g e n e r a l  r e lu c ta n c e  to face  the co s t  of the 
rec ju ircd  type of pu m p in g  te s t  at  the reg io n a l  
in v e s t ig a t io n  s ta g e ,  has  often  m e a n t  that such  
w ork  had to be l inked  to the d ev e lo p m e n t  of 
g r o u n d w a te r  r e s o u r c e s  with co n seq u en t
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restric tions o n  loca tion .
During the cuxn-eni in v e s t ig a t io n ,  an opp o r tu n i ty  
arose in connection with a s c h e m e  to develop  
further groundwater  pi oduct ion  f ro m  the E t to n  
area. Etton is  in the so u th e r  n p a r t  of the Wolds 
(Fig 1), outside the J lu l l -H e m p h o lm e  ca tc h m e n t .
The level of c o n tro l  o v e r  e x p e r im e n t a l  co n d i t io n s  
during the pumping t e s t s  h o w e v e r  w as in m o s t  
respects exceptional and the s tudy  of the C halk  
aquifer in the E tton  a r e a  lias been d o cu m en te d  
independently ( F o s t e r  and .Milton, 1974).
S A T L ’Ht -  O t  C H A L K  P L H M L A l i l L I T Y  A N D  
S T O H A C L
The Elton pum ping  t e s t s  show ed  the Chalk  
aquifer capable of q u a n t i ta t iv e  a n a ly s i s  and 
meaningful ap p ro x im a t io n  by a r e la t iv e ly  s im p le  
mathematical m odel.  The e x i s t e n c e  of a l a m i n a r  
(Darcy) flow re g im e  w as  c o n f i r m e d ,  even  fo r  
high pumping r a t e s  at d i s t a n c e s  down to 125 m 
from the point of a b s t r a c t io n .  No m a jo r  l a t e r a l  
hydraulic b oundar ie s  apfxeared to be p r e s e n t  in 
the cone of pumping d e p r e s s i o n  and the id e a  of 
strong areal a n i s t ro p y  in h y d ra u l i c  p r o p e r t i e s ,  
related to jointing a n d / o r  the d i r e c t io n  of m in o r  
dry valleys, was I 'efuted on the e v id en c e  f ro m  
critically s ited  o b s e r v a t io n  b o r e h o le s .
The order ed r e s p o n s e s  in the o b s e rv a t io n  
borelioles during the (Ictobei-  1970 t e s t  led  to 
confident application  of the  e s ta b l i s h e d  m e th o d s  
of non-equilibrium p u m p in g  te s t  a n a ly s i s  
(Theis, 1935; Boulton, 1903). Tire l a t e - t i m e  
data yielded an aver age I value  of 1000 m - / d .
The analysis fo r  S a s  a lw a y s  w as  s o m e w h a t  
more subjective, but a va lue  of lire o r d e r  of 
Ü.ÜU5 wa-s indicated  and a p p e a r  ed to r e p r e s e n t  the 
specific yield (Sy) fo r  the C ha lk  of th is  a r e a  at 
lire gi’oundwater le v e l  in O c to b e r  1970. L a b o r a ­
tory centrifuge sp e c i f ic  y ie ld  t e s t s  s u g g e s t  tha t  
a significant de layed  y ie ld  f ro m  g ra v i ty  d r a in a g e  
of pore water is  not l ik e ly  (Appendix  A). It i s  
possible however tha t  o th e r  s o u r c e s  of lo n g e r  
delayed yield c o n t r ib u t io n s ,  su c h  a s  the d r a i n ­
age from m ic ro jo in ts ,  cou ld  be p r e s e n t .
Subsequent te s t  p u m p in g  a t  E t to n  in A p r i l  
19T1, wiih a 7 m h ig h e r  (a lthough  not 
maximum) level of sa tu r  a t ion ,  gave r e s u l t s  of 
about 22ÜU m - /d  foi' T. T h is  c o n f i r m e d  the 
extremely high h o r iz o n ta l  p e r m e a b i l i t y  of the 
zone of seasonal w a te r  ta b le  f lu c tu a t io n ,  
anticipated from  the y ie ld - d ra w d o w n  c h a r a c -  
kiistics of the o r ig in a l  p ro d u c t io n  b o reh o le .
Geophysical b o re h o le  flow in v e s t ig a t io n s  
proved most valuab le .  In f i s s u r e  flow a q u i fe r s  
|iisno i sufficient to know the  m a g n itu d e  of 
issure t r a n sm is s ib i l i ty  but a l s o  the t h r e e - 
/niensional d i s t r ib u t io n  of p e r m e a b i l i t y  which 
'^represents; the le v e l  and th ic k n e s s  of the
zo n es  of m a jo r  p e i 'm e a b i l i ty  d ev e lo p m e n t  r e la t in g  
d i r e c t ly  to the h ea d s  tha t  can  be u t i l i s e d  in 
p ro d u c in g  b o reh o le  y ie ld .  L e v e ls  of e n t ry  of 
g ro u n d w a te r  to the E tto n  pum ping  b o re h o le s  
w e re  r e s t r i c t e d .  A t the n e a r  m in im u m  w a te r  
le v e ls  in O c to b e r  1970, the bulk of the w a te r  
pum ped w as d e r iv e d  f ro m  a 5.0 to 8.0 m thick 
zone, the b a s e  of which w as lo c a te d  14 and 2 3 
m below OD r e s p e c t iv e ly  in the two b o re h o le s  
at the s i te .  The e x i s te n c e  of m a rk e d  c h lo r id e  
r e s id u a l s  (the p ro d u c ts  of p r e v io u s  ac id  t r e a t ­
ment)  su g g e s t  m in im a l  re g io n a l  g ro u n d w a te r  
m o v e m e n t  f ro m  about -29 m  OD to the b a s e  of 
the b o re h o le s  a t -40 m OD and p ro b a b ly  below 
th a t  leve l .  P r e v io u s  in v e s t ig a t io n s  in J u ly  1970, 
with  a so m e w h a t  h ig h e r  w a te r  ta b le ,  had g iven 
s i m i l a r  r e s u l t s  ex c ep t  tha t  m o r e  than  30 p e r  
cen t  of the to ta l  pum ping  r a t e  w as  d e r iv e d  a t  o r  
above the pum ping  w a te r  leve l .  It is  w o rth  
n o ting  tha t  the b o re h o le  flow in v e s t ig a t io n s  
d e m o n s t r a te  tha t  s ig n i f ic an t  g ro u n d w a te r  flow 
o c c u r s ,  and p r e s u m a b ly  s ig n i f ic a n t  s to r a g e  
e x i s t s ,  below lo c a l  h y d ro lo g ic a l  base  le v e l  and 
below OD but not th roughout the th ic k n e s s  of the 
Chalk  fo rm a tio n .
It  is  concluded  tha t  the Chalk  a q u i fe r  in the 
o u tc ro p  a r e a  f re q u e n t ly  a p p r o x im a te s  to a 
l a y e r e d  m o d e r a t e - T / lo w  - Sy w a te r  tab le  
s y s t e m ,  w hose flow r e g im e  will have l i t t l e  in 
com m on  with tu rb u le n t  conduit flow s y s t e m s  of 
k a r s t  c a rb o n a te  t e r r a i n s .  A c tua l  r a t e s  of 
g ro u n d w a te r  m o v e m e n t ,  even  u n d e r  n a tu ra l  
h y d ra u l ic  g r a d ie n ts ,  h o w ever  will be r e la t iv e ly  
fa s t  b e c a u s e  of the s m a l l  c r o s s - s e c t i o n a l  a r e a  
of flow, and could r e a c h  2ÜÜ m /d a y .  Such a 
l a y e r e d  a q u i fe r  could p r e s e n t  d i f f ic u l t ie s  in 
d ig i ta l  m o d e ll in g  and the red u c t io n  in i t s  
h y d ra u l i c  c o n s ta n ts  with d e p r e s s io n  of g ro u n d ­
w a te r  le v e l  w ill be d if f icu lt  to f o r e c a s t .
The co n c lu s io n s  d raw n  f ro m  the E t ton  
pum ping  t e s t s  p e r m i t  f u r th e r  sp e c u la t io n  about 
the n a tu re  of Chalk p e r m e a b i l i ty .  The e x t r e m e ly  
high p e r m e a b i l i ty  of the zone of w a te r  tab le  
f lu c tu a t io n  can p ro b a b ly  be a t t r ib u te d  to 
p r e f e r e n t i a l  so lu t ion  i n c r e a s i n g  the opening  on 
d is c o n t in u i t ie s  in th is  p a r t  of the ro c k  m a s s ,  
a l though i t  i s  I 'ecognised  tha t  the d ev e lo p m e n t  
of so lu t ion  openings i s  not m a i 'ked .  O th e r  
th ings  be ing  equa l ,  the f o r m e r  co n c lu s io n  h a s  
been  r e a c h e d  in the s tu d ie s  of a n u m b e r  of 
ca i’bonate  s y s t e m s  (S tr ing f ie ld  and L e  G rand ,
1969). The f a c to r s  c o n t ro l l in g  the in i t ia t io n  
of so lu t ion  open ings  h o w ev e r  a r e  not well  
u n d e rs to o d  and the d e ta i l s  of th e i r  s e le c t iv e  
d ev e lo p m e n t  on c e r t a in  d is c o n t in u i t ie s  a r e  
often pu zz l in g  (D avis ,  1966).
The h y d r a u l i c s  of fluid flow in id e a l i s e d  
f r a c t u r e d  m e d ia  show c lea r  ly the l a r g e  in fluence
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fa  re la tiv e ly  s m a l l  i n c r e a s e  in a p e r t u r e  
° ening) due to  so lu t io n  and c a lc u la t io n s  b ased  
oTllieiu (F o s te r  and M ilton , 1974) a r e  of c o n ­
siderable i n te r e s t  in the in te r ; ) r o ta t io n  of in s i tu  
p erm eab i l i ty .  J u s t  one f i s s u r e  with an a p e r t u r e  
of 5 mm or m o re  would in t ro d u c e  g r o s s  h e t e r o ­
geneity into an acfuifer. The a r e a l ly  i s o t ro p ic  
behaviour of the Chalk  a q u i f e r  in the E tto n  a r e a  
accompanied  b y  i t s  high p e r m e a b i l i t y  p ro b a b ly  
thus indicates that d e v e lo p m e n t  of so lu t ion  
p erm eab i l i ty  is  c o n c e n t r a te d  on h o r iz o n ta l  
d iscontinu ities, altliough th is  i s  not a unique
explanation.
Use of a c l o s e d - c i r c u i t  b o r e h o le  te le v i s io n  
camera at l la is th o rp e  (G4/108.\ in F ig .  1) r e v e a le d  
numbers of h o r iz o n ta l  d i s c o n t in u i t i e s  th a t  w e r e  
visibly open and a p p a r e n t ly  a s s o c i a t e d  with 
levels of w ater  e n t ry  in to  the b o re h o le  d u r in g  
pumping, although the p r o x im i ty  of the ’b u r ie d  
coastline' m akes the H a i s ih o ip e  s i t e  a typ ica l .  
Numbers of the d i s c o n t in u i t i e s  h o w e v e r ,  w e re  
similar to those o b s e rv e d  by W ard  and o th e r s  
(I9G8) just above the w a te r  ta b le  d u r in g  the 
direct inspection of w a l l s  of l a r g e  d i a m e t e r  
Chalk boreholes at a s i t e  in N orfo lk ,  H o r iz o n ta l  
'separation p lan es '  open in f j la ces  to a s  m u c h  as  
10 mm were r e c o rd e d ,  bi idged  and s u p p o r te d  by 
contacts about e v e r y  0.2 m.
In the Norfolk b o r e h o le s  it w as  o b s e rv e d  
that, below a m ax im u m  of about 14 m  below 
ground level m os t  of the  d i s c e r n i b l e  in c l in e d  
joints were c losed  tight.  The f a r  g r e a t e r  d e n s i ty  
of inclined join ts in the c o r e  f ro m  of an a d ja c e n t  
borehole (Gallois, K. W , p e r s o n a l  c o m m u n ic a t io n )  
suggests that in s i tu  m a n y  m u s t  be m ic r o s c o p ic  
(that is less than 0.1 m m ) in a p e r t u r e .  The 
same may not hold t r u e  fo r  the  E a s t  Y o r k s h i r e  
Chalk since the rock  m a t e r i a l  is  s o m e w h a t  h a r d e r  
and less ductile. N e v e r t h e l e s s  any s i m i l a r  
tendency would r e s u l t  in l a r g e  d i f f e r e n c e s  
between horizontal and v e r t i c a l  p e r m e a b i l i t y  
and could be expected  to le ad  to a d e g r e e  of 
self-confinement and p a r t i a l l y  in d e p en d e n t  flow 
s'stems within the a q u i f e r  a s  a whole.
. H H i h E R  l A R i . r n o s s  
The Etton a re a  a p p e a r s  to be in m o s t  r e s p e c t s  
bTical of the lo w er  p a r t  of the r e g io n a l  Chalk 
tP'Slope and th e re  a r e  no c l e a r l y  e s t a b l i s h e d  
S^ ological rea so n s  to s u g g e s t  any g r o s s  
jpariures from the 'E t to n  a q u i f e r  m o d e l ' .
^spite the obvious r i s k  of c i r c u l a r  a r g u m e n t ,
'ffe is great te m p ta t io n ,  in  th is  a s  in  o th e r  
“nestone t e r r a in s  ( a lb e i t  l e s s  s u b je c t  to 
oution) to a t t r ibu te  the d e v e lo p m e n t  of high 
to so lu t ion  d u r in g  the long  t e r m  
ation of f re sh  g r o u n d w a te r  to a g iven
ibili'! th is  is  the c a s e  t r a n s m i s s -
J ( ) Would gene i 'a l ly  i n c r e a s e  to w a rd s  the
n a t u r a l  d i s c h a r g e  po in ts  on the f lanks  of the 
Hull V alley  with g r a d u a l ly  d e c r e a s in g  v a lu e s  up 
the d ip - s lo p e  to w ard s  the g ro u n d w a te r  d iv ide ,  
b e c a u s e  in the f o r m e r  a r e a s  the to ta l  v o lu m e tr ic  
flow has  been  g r e a te s t .
In a p i lo t  Chalk g ro u n d w a te r  d e v e lo p m e n t  
a r e a  in E a s t  A ng lia ,  T v a lu es  of 350 m 2 /d a y  
a r e  r e p o r t e d  on the h ig h e r  ground with  a 2 to 5 
fold i n c r e a s e  in the m a in  v a l le y s  (B a c k sh a l l  
and o th e r s ,  1972). In E a s t  Y o r k s h i r e  even  the 
d e e p e s t  of the v a l le y s  on the Chalk  ou tc ro p  a r e  
n e a r ly  a l l  p e r e n n ia l ly  dry .  E x c e p t  in those  
c a s e s  w h ere  i n te r m i t t e n t  d i s c h a r g e  o c c u r s  
( that i s ,  the G r e a t  Wold V alley  and the K ip ling-  
c o te s  V alley ,  n o r th - w e s t  of B e v e r le y ) ,  th e re  is  
no r e a s o n  to s u s p e c t  tha t  any m a jo r  v a r ia t io n  in 
a q u i fe r  p r o p e r t i e s  a r e  a s s o c ia te d  with them.
The cond i t ions  in the We twang E m b a y m e n t  
to the im m e d ia te  h in te r la n d  of the m a jo r  
D ri f f ie ld  s p r in g h e a d s  (Fig . 1) m u s t  be excep t iona l  
and, a s  w ill  be s e e n  f ro m  the su b se q u en t  
d i s c u s s io n  of g ro u n d w a te r  le v e ls  and h y d rau l ic  
g r a d ie n ts ,  v e r y  high p e r m e a b i l i ty  i s  an t ic ipa ted .  
W h e th e r  the in i t ia t io n  of the m a jo r  sp r in g h e a d s  
w as  c o n seq u e n t  on high C ha lk  p e r m e a b i l i ty  o r  on 
lo c a l  v a r i a t io n  in the d r i f t  c o v e r  with the Chalk 
p e r m e a b i l i ty  deve lop ing  su b se q u en t ly ,  is  not 
c e r ta in .
At t im e s  in geo lo g ica l  h i s to r y  when a m uch 
lo w e r  h y d ro lo g ic a l  b a s e  le v e l  ex is te d ,  the 
d e v e lo p m e n t  of m a j o r  so lu t ion  p e r m e a b i l i t y  at 
dep th  in the Chalk  a q u i fe r  m ig h t  be an t ic ipa ted .  
The o c c u r r e n c e  of a m a jo r  flow zone at a round  
-20 m OD a t  E t ton ,  m ay  be a s s o c ia te d  with  the 
P l e i s to c e n e  b u r ie d  channe ls  (Fig. 4), and could 
be p r e s e n t  a t  eq u iv a le n t  l e v e ls  th ro u g h o u t  the 
reg ion .
U n d er  the i n c r e a s i n g  d r i f t  co v e r ,  dow n-dip  
to the e a s t  of the R iv e r  Hull, r a d ic a l  ch anges  in 
the c o n f in e m en t  p a r a m e t e r  (S) of the Chalk 
a q u i fe r  a r e  to be expected .  At d i s t a n c e s  of 10 
km  u n d e r  c o v e r  and th roughou t  H o ld e r n e s s ,  the 
l im i te d  ev idence  f ro m  w a te r  supp ly  b o re h o le s  
and deep  w e lls  s u g g e s ts  a rap id  d e c r e a s e  in T 
a lso .  It i s  not lo g ic a l  to a t t r ib u te  th is  low 
p e r m e a b i l i ty  and the p r e s u m e d  t igh t  c lo s u r e  of 
a l l  jo in t s  to o v e r b u r d e n  p r e s s u r e .  T h is  r e s u l t s  
f ro m  only 20 to 40 m of l a r g e ly  s a tu r a t e d  so i l  
and i s  p ro b a b ly  l e s s  than tha t  due to the 15 to 
100 m  of p a r t i a l l y  s a tu r a t e d  ro c k  o v e r ly in g  the 
C halk  of the s a tu r a t e d  zone in the  o u tc ro p  a r e a ,  
w hose  T v a lu e s  a r e  v e r y  high. The n o n ­
d e v e lo p m e n t  of so lu t io n  p e r m e a b i l i t y  due to 
a b s e n c e  of long  t e r m  n a tu ra l  g ro u n d w a te r  
c i r c u la t io n  s e e m s  a m o r e  l ik e ly  exp lana tion ;  
the Clialk a q u i fe r  being  f i l led  by e s s e n t i a l l y  
'dead  s t o r a g e '  ( that is ,  by g ro u n d w a te r  at  lo w e r
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total hydraulic head than the potential of the 
natural outlets).
Between the w a te r  ta b le  acju ifer of the Wolds 
outcrop and the s u b a r t e s i a n  a q u i f e r  in H o ld e r n e s s  
lies the main a r e a  of p e r e n n ia l  g r o u n d w a te r  
discharge; an a r c u a te  zone c o n ta in in g  m any  
sizeable a r te s ia n  s p r in g s .  T h is  zone is  of m a jo r  
significance in the r e g io n a l  h y d ro logy .  D esp i te  
its transitional p o s i t io n ,  the a q u i f e r ' s  h y d ra u l ic  
properties throughout the /.one m a y  be f a r  f ro m  
transitional bec au se  c e r t a i n  g e o lo g ic a l  f a c to r s  
may exercise o v e r r id in g  c o n t ro l .  The p r e s e n c e  
of the buried H le is to c en e  c o a s t l i n e  to g e th e r  with 
the surficial l a y e r  of c r y o tu r b a t e d  cha lk  r e s u l t  
in the possibility tha t  e x t r e m e l y  high p e r m e a b i l i t y  
may be presen t in th is  zone  o v e r  l im i te d  a r e a s  
and saturated depth i n t e r v a l s .  The y i e l d - d r a w ­
down data from  two p u m p in g  b o r e h o le s  a t  
llaisthorpe (G4/108BC in F ig .  5) a r e  su f f i c ie n t  to 
show the locally e x t r e m e l y  h igh a q u i f e r  p e r m e ­
ability. Unfortunately  good o b s e r v a t io n  b o re h o le  
control was not a v a i la b le  fo r  the 1971 te s t in g  at 
the llaisthoipe s i t e ,  but the l im i te d  d a ta  c o l le c te d  
suggests T values in e x c e s s  of 5t)U0 m ^ / d a y  fo r  
the most p e rm e ab le  s t r i p .
A n  attempt has  been  m a d e  to s u m m a r i s e  the 
postulated v ar ia t io n s  of the C ha lk  a q u i f e r  in a 
schematic c r o s s - s e c t i o n  (F ig .  G). T h is  i s  b ased  
on the in te rp re ta t ion  of the g e o lo g ic a l  co n d i t io n s  
and hydrological r e g im e  and i t  h a s  not been  
possible to confirm  by d i r e c t  t e s t in g  in  the 
llull-llempholme c a tc h m e n t  i t s e l f .  It a s s u m e s  
no major var ia t ion  in a f ju ife r  p r o p e r t i e s  in 
relation to poss ib le  m in o r  fo ld ing ,  l in e s  of 
tectonic d is tu rbance  and M id d le /U p p e r  Chalk  
stratigraphy, po in ts  on wiiich t h e r e  i s  l i t t l e  d i r e c t  
evidence but which m a y  in f lu e n ce  the p r o p e r t i e s  
of the Chalk aqu ife r  undei '  c e r t a i n  c o n d i t io n s  in 
other regions (Ineson. 19G2).
/ V ' A / / T V f ;  n O H U lO U . Y I U A )  c i i a r a c t e k i s t i c s
Kecords of the b e h a v io u r  of in d iv id u a l  p u m ping  
boreholes, e i th e r  d u r in g  s y s t e m a t i c  s t e p - t e s t s  
(yield-drawdown c h a r a c t e r i s t i c s )  o r  ind iv idua l  
measurements d u r in g  ro u t in e  o p e r a t io n  ( sp ec if ic  
capacity data), a r e  m o r e  r e a d i ly  a v a i la b le  than  
full scale pumping t e s t  da ta .  To a l im i te d  
extent they furnish  q u a s i -c ju a n t i ta t iv e  in f o rm a t io n  
on aquifer p ro p e r t ie s ,  and c o n s id e r e d  r e g io n a l ly ,  
on aquifer var ia t ions .  H o w ev er  they  a r e  
presented here p r i m a r i l y  to give a d e s c r ip t i o n  
of borehole behav iour  and to show the r e s t r i c t i o n s  
imposed on sho r t  t e r m  y ie ld  a s  a r e s u l t  of b o r e ­
hole as well as a q u i fe r  l im i ta t io n s .
h is  useful to c o n s id e r  f i r s t  e x a c t ly  w hat 
yield-drawdown c h a r a c t e r i s t i c s  r e p r e s e n t .  P lo t s  
0 yield (tj) aga inst d raw dow n  (s) m a y  be d raw n  
uny pumping b o reh o le .  S t r i c t l y  ea c h  value
of s should  r e la t e  to an equa l  in te r v a l  of t im e  
a f t e r  the s t a r t  of pum ping  at each  s te a d y  r a t e  
(Q)» p r e f e r a b ly  24 h o u r s .  M ore  c o m m o n ly  
an e x t ra p o la te d  ' t e r m in a l '  o r  ' a p p a re n t  e q u i l i ­
b r iu m '  draw dow n is  used.  S ince t ru e  e q u i l ib r iu m  
is  only r e a l i s e d  in the s p e c ia l i s e d  condition  of 
co n s ta n t  r e c h a r g e  (in a b o reh o le  a d ja c e n t  to a 
h y d ra u l i c a l ly  connected  r i v e r ,  fo r  exam ple )  th is  
is  u su a l ly  a hy p o th e t ica l  concep t .  N e v e r th e le s s  
the d a ta  a r e  of so m e  h y d ro lo g ic a l  value  and of 
c o n s id e r a b le  u se  in w a te r  supply  e n g in e e r in g  
s in c e  they r e la t e  d i r e c t ly  to the cho ice  of 
pum ping  p lan t  and o p e ra t in g  conditions.
The Q - s  c u rv e  fo r  a given b o reh o le  depends 
on the a q u i f e r ' s  h y d ra u l ic  p r o p e r t i e s  and flow 
cond it ions  but a l so  in c lu d es  head  l o s s e s  a s s o c ia te d  
with the e n t ry  of w a te r  in to  the b o reh o le  and 
flow to the pump su c t io n  (well lo s s e s ) .  The 
l a t t e r  a r e  com m only  n o n - l a m in a r  and r e s u l t  in 
the f inal f o rm  of the Q - s  c u rv e  show ing  s t ro n g  
d e p a r tu r e s  f ro m  l in e a r i ty ;  fo r  in e ff ic ien t  b o r e ­
ho le s  they m ay  c o m p le te ly  m a s k  the in f luence  
of the a q u i f e r ' s  h y d ra u l ic  p r o p e r t i e s  in d e t e r ­
m in ing  the o v e r a l l  c h a r a c t e r i s t i c .  M o r e o v e r  in 
f i s s u r e  flow and o th e r  h e te ro g e n e o u s  a q u i fe r s ,  
the fo rm  of Q - s  c u r v e s  fo r  l a r g e  Q is  dependen t 
on the ac tu a l  l e v e ls  of e n t ry  of the m a jo r  flows 
in to  the boreho le .  If the pum ping  w a te r  le v e l  
d ro p s  below the p r in c ip a l  le v e l  of e n t ry ,  f u r th e r  
d raw dow n m ay r e s u l t  in  l i t t l e  o r  no add i t iona l  
y ie ld .  T h is  phenom enon, am o n g s t  o th e r s ,  has  
been  d e s c r ib e d  a s  a 'b re a k a w a y  condit ion '
(Ineson, 1959b), by which i s  m e a n t  d e p a r tu r e  
f ro m  a s e r i e s  of e m p i r i c a l ly  es tab l is i ie d  C^-s 
type c u r v e s  and not ju s t  f ro m  l in e a r i ty .
The av a i la b le  y ie ld -d ra w d o w n  c h a r a c t e r i s t i c s  
fo r  w a te r  supply  b o re h o le s  in  the Chalk  of E a s t  
Y o rk s h i re  (Fig. 5) i l l u s t r a t e  the g e n e r a l  type of 
pum ping  b o reh o le  b e h a v io u r  in th is  aqu ife r .  
S ign if ican t  v a r ia t io n s  a t t r ib u ta b le  to known 
f a c to r s  can be iden tif ied .  T h e se  v a r ia t io n s  can 
o c c u r  betw een  d i f fe re n t  b o re h o le s  at the sa m e  
loca tion ,  due to la r g e  lo c a l  v a r i a t io n  in a q u i fe r  
p r o p e r t i e s  a s  a t  l l a i s th o rp e  (cf. 64/ I08A to 64 / 
108B and C). S easo n a l  v a r ia t io n  in the s a m e  
b o re h o le  can  o c c u r  due to high t r a n s m is s ib i l i t y  
of the zone of w a te r  tab le  f luc tua t ion  (for exam ple ,  
72/494A and 65/13). I m p ro v e m e n t  can o c c u r  in 
the s a m e  b o re h o le  due to s h o r t  t e r m  d ev e lo p ­
m e n t  (64/108A) and a l s o  o v e r  long p e r io d s  of 
t im e  (cf. 72 /494A , N o v . '64 and N o v . '70), 
p r e s u m a b ly  due to long  continued d eve lopm en t  
by so lu t ion  and a b r a s io n  of f i s s u r e s ;  d e t e r i o r ­
at ion  m ay  a l s o  o c c u r  in so m e  c i r c u m s ta n c e s .
A d e g r e e  of b rea k aw ay  f ro m  the Ineson  
(1959b) type c u r v e s  o c c u r s  in  a m a jo r i ty  of the 
b o re h o le s  at m in im u m  w a te r  leve l  conditions.
At E tton .  b re a k a w a y  can be p os i t ive ly  a s s o c ia te d
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ill, tiie p r incipal  l e v e l s  of w a te r  e n t r y  in  the 
'especlive b o reh o le s  ( F o s t e r  and M ilton ,  1974) 
ml the role of the l a t t e r  in d e t e r m in in g  the y ie ld -and llie
drawdown c l i a r a c le r i s t i c  canno t  be o v e re m p l ia s is e d .
The specific ca p a c i ty  of a pu m p in g  b o reh o le  
is defined as tlie r a t io  Q / s .  A s in the c a s e  of the 
Q - s  characteris tic ,  a sp e c i f ic  t im e  (say  24 li) 
after the s ta r t  of pum ping  at the s te a d y  r a t e  (Q) 
should be defined. In p r a c t i c e  any t im e  g r e a t e r  
than 8 h or so does not p r o d u c e  g r e a t  v a r i a t io n  
i n  the param eter .  The p o te n t ia l  v a r i a t i o n  in 
specific capacity that could  a r i s e  f ro m  s in g le  
determinations can be s e e n  f ro m  c o n s id e r a t io n  
o f  the yield-drawdown c h a r a c t e r i s t i c s  (Fig . 5).
These data a re  fo r  b o r e h o le s  which  a r e  l ike ly ,  
by virtue of the ir  s iz e  and func t ion ,  to be of 
optimum efficiency and an even  g r e a t e r  Q / s  
variation is p o ss ib le  f ro m  p o o r ly  d eve loped  
boreholes. Ineson (1959b) a t t e m p te d  to o v e r c o m e  
the variability of Q / s  d a ta  by u s in g  the b e t t e r  
defined 'yield for 10 ft d raw d o w n ' c r i t e r i a  w hen 
attempting to e s ta b l ish  a c o r r e l a t i o n  with a q u i fe r  
properties. However the c o a r s e  s c a l e  and wide 
scatter of his c o r r e l a t i o n s  l im i t  t l t e i r  u s e fu ln e s s  
and T values based on such  d a ta  fo r  the o u tc ro p  
area of the Chalk a ( |u ife r  in F a s t  Y o r k s h i r e  
(Ineson, 1962) a p p e a r  f re q u e n t ly  to be an o r d e r  
too small. .Moreover no su c h  p u m p in g  b o re h o le  
characteristics can be i n t e r p r e t e d  in t e r m s  of 
the storage and boundary  c o n d i t io n s  of the g r o u n d ­
water flow reg im e,  which a r e  of m a j o r  s ig n i f ic a n c e  
in the context of r e s o u r c e s  e v a lu a t io n  and 
(Jcvclupiiicnl.
flic available data on s p e c i f ic  c a p a c i ty  of 
water supply wells in the F a s t  Y o r k s h i r e  C ha lk  
should be thus viewed only in a n e g a t iv e  way.
There are very few lo c a t io n s ,  on the o u tc ro p  o r  
up to 8 km under co v e r ,  a t  w hich l a r g e  d i a m e t e r  
boreholes have given a s p e c i f i c  c a p a c i ty  of l e s s  
than 2.5 1 / s p e r  m e t r e  d raw d o w n  and th e r e  a r e  
good prospects of them y ie ld in g  a t l e a s t  50 1 / s  
at a specific capac ity  of m o r e  than doub le  that 
value. Some of the c a s e s  of y ie ld  f a i l u r e  have 
been due to co n s t ru c t io n a l  r e a s o n s  but th e r e  
■einain a few in s tan c es  ( fo r  e x a m p le ,  a t  Hutton 
Cianswick, 5 km sou th  of C r e a t  D riff ie ld )  which 
apparently ref lec t  im p o r ta n t  lo c a l  v a r i a t i o n s  in 
aquifer properties.
IHiilocl Analysis of I lyclrological Regime
' ^ i c n . r r . i  o x  e l e m l x t s  o e  o r o i  x d i v a t e r  
(•)■(:/./•:
Itiverflow is d i r e c t ly  m e a s u r a b l e ,  g e n e r a l ly  
° an acceptable level of a c c u r a c y .  T h r e e  
Paiinanent and con tinuously  o p e r a t in g  r i v e r  
a^Ut,ing stations w ere  e s ta b l i s h e d  on the Hull
'luihng the p e r io d  1953-1961 (Tab le  
fün  ^ ^'ad 4). The d a ta  f ro m  them
tie best s ta r t in g  point fo r  a d e ta i l e d
a n a ly s i s  of the h y d ro lo g ic a l  r e g im e  and an 
a s s e s s m e n t  of g ro u n d w a te r  r e s o u r c e s .  In th is  
r e p o r t  the d a ta  fo r  the 8 - y e a r  p e r io d  w hen a l l  the 
th r e e  gauging  s ta t io n s  w e re  in o p e ra t io n  (1962-
1970) is  em p loyed  f o r  m o s t  of the a n a ly se s .
I he (g e n e ra l ly  weekly) spo t- f low  d e t e r m in a t io n s  
on the G ypsey  Jlace at B e ss in g b y  Hoad B r id g e  
w e re  a l so  used  but m e a s u r e m e n t  w as  d iscon t inued  
d u r in g  1968, pending  the c o n s t ru c t io n  of a p e r m ­
anen t f lum e.
To extend the a n a ly s i s  of r iv e r f lo w  d a ta  to 
a full com pu ta t ion  of the g ro u n d w a te r  ba lan c e  
r e q u i r e s  c o m p a r a b le  d a ta  on o th e r  h y d ro lo g ic a l  
p a r a m e t e r s ,  inc lud ing  p re c ip i ta t io n ,  e v a p o r a ­
tion, the changes  in so i l  m o i s tu r e  and g r o u n d ­
w a te r  s to r a g e ,  to g e th e r  with p r e c i s e  def in i t ion  
of the c a tc h m e n t  a r e a s ,  underf low  at the gauges 
c o n c e rn e d ,  knowledge of w a te r  u sa g e  and 
a r t i f i c i a l  t r a n s f e r s  within the ca tc h m en t .  None 
of the f o r m e r  of th e se  p a r a m e t e r s ,  excep t 
p r e c ip i ta t io n ,  have been  m e a s u r e d  to the 
a c c u r a c y  of r iv e r f lo w .
It has  been m en tioned  tha t  the a c c u r a te  
e s t im a t io n  of the input to the Chalk  g ro u n d w ate r  
r e s e r v o i r  i s  not a p r im e  r e q u i s i t e  fo r  the 
eva lua t ion  of a r i v e r  reg u la t io n  s c h e m e  of the 
s c a le  en v isag ed .  The d e f ic ie n c ie s  in evapo ra t ion  
and so i l  m o i s tu r e  d a ta  a r e  thus not c r i t i c a l  in 
the p r e s e n t  context.  The p r o c e s s  of in f i l t ra t io n  
and r e c h a r g e  to the s a tu r a te d  zone m ay  a lso  be 
m uch  m o r e  com plex  than m igh t  at f i r s t  s igh t  be 
im ag ined .  T r i t iu m  age d e t e r m in a t io n s  w ere  
m ade  on pum ped w a te r  s a m p le s  and s p r in g s  
f ro m  m o r e  tiuui 20 lo c a t io n s  in E a s t  Y o rk s h ire  
d u r in g  1970-1972. Of the e igh t s a m p l in g  s ta t ions  
lo c a te d  on the Chalk  ou tc rop  only two had t r i t iu m  
l e v e ls  in e x c e s s  of 20 T. U. in O c to b e r  1970 and, 
even  a f t e r  the w in t e r ' s  in f i l t r a t io n ,  those  sam pled  
in s p r in g  1971 showed no i n c r e a s e s  ( F o s t e r  and 
C r e a s e ,  1974). T h e se  r e s u l t s  could ind ica te  
tha t  a l a r g e  p ro p o r t io n  of the w a te r  in the 
s a tu r a te d  zone beneatli the ou tc ro p  is  p re -1 9 5 3  
p r e c ip i t a t io n  and if so, they r a i s e  a m a jo r  
q u es t io n  as  to the m e c h a n is m  and r a t e s  of 
g ro u n d w a te r  m o v e m e n t  in the u n s a tu ra te d  zone. 
S m ith  and o th e r s  (1970) s tud ied  the to ta l  t r i t iu m  
of Chalk p o r e  w a te r  f ro m  a c o r e d  bo reh o le  at a 
s i t e  in B e r k s h i r e  and concluded  tha t  the r a te  of 
downw ard m o v e m e n t  in the u n s a tu ra te d  zone was 
only about 0.9 m / a ,  tha t  i s ,  the bulk of r e c h a rg e  
to the m a in  g ro u n d w a te r  body sp e n t  m o r e  than 
18 y e a r s  in the u n s a tu ra te d  zone d u r in g  i ts  
dow nw ard p e r c o la t io n  to the  w a te r  table.
F r o m  the o u tse t  of the p r e s e n t  inves t iga t ions  
in 1970 i t  w as c l e a r  tha t  the m e a s u r e m e n t  of 
g ro u n d w a te r  le v e ls ,  p a r t i c u l a r l y  in the H ull-  
H em pho lm e c a tc h m e n t ,  w as f a r  f ro m  adequate. 
The value of a d en se  ne tw ork  of o b se rv a t io n
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Table 2. H y d r o m e tr ic  n etw o rk  in l l u l l - l l e m p h o l m e  c a tc h m e n t  and ad jacen t a r e a s ,  
i t iver  g au g ing  s t a t io n s
Station
11 W F
R iv e r  Hull at 
l le m p lio lm e  L ock
W est B eck  at 
W ansfo rd  B r id g e
F o s to n  B eck  at 
F o s to n  Mill
NCR I'A U8Ü 499 TA 0G3 5G0 TA Ü94 548
AOD(m) 3 5 6
.Miüiüi-ity KullCBC YRA YRA
Type of 
gauging 
structure
Two 7 m wide 
w e i r s ;  c o n s ta n t  
u p s t r e a m  w a te r  
leve l :  n o tc h es  
f o r  m e a s u r i n g  
low f low s
Com pound
s ta n d in g -w a v e
flu m e
3 m wide r e c t a n g u la r  
s h a rp  edged w e i r  
ad ju s ta b le  to c o n t ro l  
u p s t r e a m  w a te r  le v e l
Comments E ie ( |u e n t ly  
d i 'owned out 
u n d e r  high flow 
c o n d i t io n s ;  m a jo r  
u p s t r e a m  
a b s t r a c t i o n  by 
K ullCBC added
R ating
i n te r m i t t e n t ly  
a f fec ted  by weed 
g row th ; so m e  
i r r e g u l a r i t y  
c a u se d  by m il l  
w a te r  tu rb in e
S en s i t iv i ty  a t  low flows 
ques t io n a b le
G ro u n d w a te r  o b s e r v a t io n  b o r e h o le s
ICS S u rfac e Depth M e a s u r e m e n t
Kef. No. NGH L o c a t io n le v e l  m AOD m Tyi^e A u th o r i ty
54,65 I'A 08 3 720 B u r to n  F le m in g 38 11 MM EYWB
54/67 I'A 083 773 H unm anby  PS 108.9 82 AR IGS/YRA
54/125 SE 997 720 B o y th o rp e  F a r m ,  
B u t te  rw ick
G 2 23 MM EYWB
54/134 TA 04 G 731 Wold N ew ton 49 14 MM EYWB
54 135 I'A 022 717 Oc ion G ra n g e  F a r m  
F o x h o le s
(il 23 MM EYWB
54 171 SE 982 70 3 W e a v e r th o rp e 70.5 46 AR IGS
54 172 SE 934 708 H a v e rd a le ,  L u t to n s 92.7 53 AR IGS
64/1 TA 04!) (il 2 N a f fo r to n  PS 79.9 81 AR IGS/YRA
64/148 SE 881 (il G Bu r d a le 92.1 76 AR IGS
64/149 SE 918 597 G a m e s la c k ,  F i m b e r 62.3 60 AR IGS
64/150 SE 958 595 We twang 42.4 32 AR IGS
64/151 SE 985 G21 C'otlain W a r r e n 49.2 46 AR IGS
64/152 SE 98 3 GG4 Honey Hill, L ang to f t 162.9 146 AR IGS
65/15 TA 145 G55 C a rn a b y 26 19 M M /AR EYW B/YRA
: MiM m a n u a l  m e a s u r e m e n t
AU a u to m a t ic  r e c o r d e d  
VH.\ Y o r k s h i r e  R iv e r  .Authority 
EYWH E a s t  Y o r k s h i r e  (Wolds A re a )  W a te r  H o ard  
IGS In s t i tu te  of G eo lo g ica l  S c ie n c e s
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boreholes fo r  m o n i to r in g  the v a r i a t i o n  of g r o u n d - 
w a t e r  levels  in s p a c e  and t im e  i s  not l im i te d  to 
the evaluation of ch a n g e s  in g r o u n d w a te r  s to ra g e .
It also enables c l o s e r  d e f in i t io n  of the a r e a s  of 
recharge and d i s c h a r g e ,  the d e l in e a t io n  of 
groundwater flow d i r e c t io n s ,  the e v a lu a t io n  of 
aquifer s to rag e  co n d i t io n s  and v a r i a t i o n s  in 
hydraulic p r o p e r t i e s .  U n d e r  id e a l  cond i t ions ,  
analysis can be e x ten d e d  to a full e v a lu a t io n  of the 
groundw ater  s y s t e m  by c o m p u te r i s e d  n u m e r i c a l
analysis.
Xhe elevation of w a te r  in a b o re h o le  o r  well  
represents the a v e r a g e  h y d r a u l i c  head  of the 
groundwater in tha t  p a r t  of the f o rm a t io n  with  
which it is in open c o m m u n ic a t io n .  The d e g r e e  
of penetration and of c o m m u n ic a t io n  with  the 
most perm eab le  h o r iz o n s  ( fo r  e x a m p le ,  the 
chalk 'b ea rings ')  could a f fec t  the w a te r  leve l .
In practice how ever,  i t  i s  un like ly  tha t  th is  will 
be significant in t e r m s  of n a tu r a l ly  o c c u r in g  r a t e s  
of change in head. E x c e p t io n s  e x i s t  w h e re  a 
definite perched  w a te r  ta b le  i s  p r e s e n t .
Field work c o m m e n c e d  in s p r in g  1970 with an 
exhaustive r e c o n n a i s s a n c e  of dee p  w e l l s  and 
boreholes in E a s t  Y o r k s h i r e ;  of the  200 s e le c te d  
from the in s t i tu te 's  r e c o i  d s  o v e r  50 p ro v ed  
accessible for  r e s t  w a t e r  le v e l  m e a s u r e m e n t  witli 
an electric p robe  of 10 m m  d ia m e t e r .  Two 
approaches w e re  in i t ia l ly  t r i e d  in an a t te m p t  to 
improve coverage .  One invo lved  u s in g  s i t e s  
currently l ic en sed  f o r  g r o u n d w a te r  a b s t r a c t io n  
where pumping p lan t  did not p r e v e n t  a c c e s s  and a 
sufficient r ec o v e ry  p e r io d  ( say  (i ii) could  be 
arranged with the o w n e r  o r  o p e r a to r .  The o t l ie r  
approach was an a t te m p t  to open  up s e le c te d  
sealed deep w ells  and b o r e h o le s ;  a l though  a 
somewhat slow o p e r a t io n ,  a r e a s o n a b le  d e g r e e  
of success (over  50 p e r  cen t)  w as  a c h ie v ed  and 
at these s i tes  p e r m a n e n t  a c c e s s  f o r  w a te r  le v e l  
measurement w as in s t a l l e d .
The chief s o u r c e  of e r r o r  w as  i n a c c u r a c y  in 
the elevation of m e a s u r e m e n t  d a tu m  po in ts .
(Certain older  w e lls ,  p a r t i c u l a r l y  th o se  that w e re  
blocked or colla])sed o r  th a t  c o m p r i s e d  a shaft  
near the w ate r  tab le  w i th  a b o r e h o le  a t  the b a s e ,  
were likely to r e c o r d  s p u r io u s  w a te r  le v e l s  and 
gi'eat care was rec ju ired  if  m e a n in g le s s  
measurements w e r e  to be avoided .
Measurements of C halk  g r o u n d w a te r  le v e l  
"•-n'e made at all a c c e s s i b l e  and r e l i a b l e  s i t e s  
in early .April and la te  O c to b e r  1970 (Fig .  7).
*be intention was to in v e s t ig a te  the c o n f ig u ra t io n  
nf tile Water table ;it high anil low s a tu r a t i o n  
'Mtliiii a typical annua l l iy d ro lo g ica l  cy c le ;  the 
(conditions at the t im e s  of s u r v e y  ca n  be r e la te d  
lo those of 1970 as  a w hole (F ig .  8) and to m o r e  
•^'(heine conditions (F ig .  9). It siiould be noted
tha t  the w a te r  tab le  co n f ig u ra t io n s  a r e  not 
s te a d y  s t a t e  but n e a r  in s ta n ta n e o u s  p i c t u r e s  of 
c o n s tan t ly  v a ry in g  cond i t ions  of g r o u n d w a te r  
p o te n t ia l  and flow. Som e cau tion  m u s t  be 
e x e r c i s e d  in t h e i r  u se  to co m p u te  m a ss f lo w  
quan t i t ie s .
It w as  ev id en t  tha t  th e r e  r e m a in e d  p o o r  
c o v e ra g e  of g ro u n d w a te r  le v e l  d a ta  and no 
in fo rm a t io n  on g ro u n d w a te r  le v e l  f lu c tu a t io n s  in 
a l a r g e  a r e a  (so m e  100 km2) of the C halk  o u tc rop ,  
n o r th - w e s t  of G re a t  D riff ie ld .  A cco rd in g ly  the 
In s t i tu te  le t  a c o n t r a c t  fo r  the c o n s t ru c t io n  of 
s e v en  o b s e rv a t io n  b o r e h o le s ,  with p e r m a n e n t  
r e c o r d e r  h o u s in g s ,  in the a r e a  ( In s t i tu te  of 
G eo log ica l  S c ie n c e s ,  1971). They  w e r e  co m p le ted  
e a r ly  in 1971 and the d a ta  g e n e r a te d  by them  
(Fig. 10) went so m e  way to m e e t  th is  s e r io u s  
def ic iency .
D l S C U A I U ' . t :  R t A ' . I M E  O F  T H E  C U A l . K  A ( J (  J E E R
The g ro u n d w a te r  le v e l  m a p s  p e r m i t  c lo s e  
d ef in i t ion  of the a r t e s i a n  o r  overf low  a r e a  of the 
C ha lk  a q u i fe r  in the Hull V alley  (Fig . 7); th is  
c o r r e s p o n d s  to the  p o te n t ia l  a r e a  of n a t u r a l  
d i s c h a r g e  in which the g r o u n d w a te r  p r e s s u r e  
s u r f a c e  is  above e x is t in g  g round  le v e l .  In 
p r a c t i c e  only the o u te r  l im i t  of th is  a r e a  is  
shown in F ig .  7 b e c a u s e  lo c a l ly  v a r ia b le  to p o ­
g rap h y  is  a s s o c ia te d  with  the d r i f t  d e p o s i ts .
The te rm in a t io n  of the a r t e s i a n  a r e a  n o r th  of 
B e v e r le y  i s ,  a s  has  a l r e a d y  been  m e n t io n e d ,  
the c o n seq u e n ce  of long  s ta n d in g  h eavy  g r o u n d ­
w a te r  a b s t r a c t i o n  in the a r e a  to the south.
A d e ta i l e d  s u r v e y  of the d i s t r ib u t io n  of 
n a tu r a l  d i s c h a r g e  f ro m  the C halk  a q u i f e r  was 
u n d e r ta k e n  s im u l ta n e o u s ly  with the m e a s u r e m e n t  
of g ro u n d w a te r  l e v e ls ,  by e x a m in in g  a l l  w a t e r ­
c o u r s e s  a round  the p e r i m e t e r  of the Wolds.
Flow m e a s u r e m e n t s  w e re  m a d e  u s in g  f lo a ts  o r  
a m in i - f lo w m e te r ;  w ork  w as c a r r i e d  out a s  f a r  
as  p o s s ib le  d u r in g  ex tended  d ry  p e r io d s  so  thai 
th e re  w as  m in im a l  i n t e r f e r e n c e  f ro m  r e c e n t  
ra in ,  g ro u n d w a te r  d i s c h a r g e  a lone  being  
m e a s u r e d .  The c h a r a c t e r  of the s t r e a m - 
s e c t io n s  r e a d i ly  a c c e s s ib l e  and the m e th o d s  of 
m e a s u r e m e n t  m e a n  h o w ever  tha t  the a c c u r a c y  
of the f ig u re s  quoted (Fig . 7) m a y  be no b e t t e r  
than -  30 p e r  cent.  M o r e o v e r  i t  w a s  not p r a c t i c a l  
to v is i t  e v e r y  s p r in g  o r  s e e p a g e  a r e a  n o r  to 
m e a s u r e  ea c h  cha lk  w a te r c o u r s e  a t  the l im i t  of 
the a r t e s i a n  a r e a .  N e v e r t h e le s s ,  the da ta  
c o l le c te d  g ives  a r e a s o n a b le  idea  of the 
d i s t r ib u t io n  of n a tu ra l  g r o u n d w a te r  d i s c h a r g e  — 
a m a jo r  d e s ig n  f a c to r  fo r  r i v e r  re g u la t io n  
s c h e m e s .
It can  be s e e n  tha t  the d i s c h a r g e  f ro m  the 
C halk  a q u i fe r  i s  not u n i fo rm ly  d i s t r ib u t e d  th rough  
the a r t e s i a n  a r e a  but lo c a l i s e d  at a n u m b e r  of
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clearly defined s p r in g h e a d s ,  of ten  a s s o c ia te d  on 
the ground with ponds and wooded a r e a s .  T h e r e  
are som e m ore  d i s p e r s e d  s e e p a g e  a r e a s ,  but 
these no doubt have been  r e d u c e d  in n u m b e rs  
with the spread  of land d r a in a g e  fo r  a g r i c u l tu r a l  
purposes. By f a r  the l a r g e s t  s p r in g h e a d s  a r e  
that group to the im m e d ia te  sou th  of G re a t  
Driffield (Fig. 7) f o rm in g  the s o u r c e  of W est Beck , 
the p r in c ip a l t r ib u ta r y  of the R iv e r  Hull. It is  
also ev iden t that the bulk of the g ro u n d w a te r  
discharge or  overflow  o c c u r s  c lo s e  to the 
upstream l im it  of the a r t e s i a n  a r e a ,  a l though  th e re  
are som e sm all  a r t e s i a n  s p r in g s  a t  d i s t a n c e s  of 
up to 5 km under tlie d r i f t  c o v e r  ( fo r  ex a m p le ,  
at Blue Held and C a t t l e h o m e s  Keld).
It is of some r e le v a n c e  to p o s tu la te  the o r ig in  
of the major sp r in g s  and o th e r  d i s c h a r g e s  and to 
speculate on the r e a s o n s  f o r  th e i r  lo c a l i s a t io n .
When the p re se n t  l iy d ro lo g ica l  b a s e  le v e l  w as 
initially es tab l ished  the g r o u n d w a te r  p r e s s u r e  
in the confined /.one would have  p ro b a b ly  bu il t  
up until it becam e a r t e s i a n .  ; \ t  th a t  s ta g e  
discharge would have o c c u r r e d  a s  soon  a s  th e r e  
was sufficient a r t e s i a n  head  a v a i la b le  to o v e r ­
come the r e s i s ta n c e  to v e r t i c a l  flow in the m o s t  
permeable p a r t s  of the con f in ing  bed. O th e r  
things being equal,  the f i r s t  d i s c h a r g e  p o in ts  
would be es tab l ished  w h e r e  the B o u ld e r  C lay  
cover was thinnest and g r a v e l  b o d ie s  o r  s t r i n g e r s  
existed. In a r e a s  w h e re  the con fin ing  bed w as 
of more uniform fine g r a in e d  m a t e r i a l  the 
pressure on the b a s e  of the con f in ing  bed would 
further inc rease  un ti l  it  e x c e e d e d  the w eight of 
tlie overlying colum n of aq u ic lu d e .  A t tha t  po in t 
heaving or piping would o c c u r ,  in i t ia t in g  d is c h a r g e .  
Once initiated the sp r in g f lo w  p r o c e s s ,  con t inu ing  
over long per iods  of t im e  would p ro b a b ly  both 
increase the so lu t ion  p e r m e a b i l i t y  of the Chalk  
due to the co n c en tra t io n  of flow in th e se  a r e a s  
and decrease the r e s i s t a n c e  to v e r t i c a l  flow 
through the dr if t  by c l e a r a n c e  of the d i s c h a r g e  
passages. Had the d e n s i ty  of the con f in ing  bed 
heen uniformly g r e a t e r  and i t s  p e r m e a b i l i t y  
uniformly lower, the C ha lk  a q u i f e r  would have 
probably filled up to h ig h e r  g r o u n d w a te r  le v e ls  
and pressures and u l t i m a t e ly  f o rm e d  d e p r e s s io n  
springs on its  o u tc rop ,  j u s t  above  the f e a th e r  
d^ge of the confining bed. In p r a c t i c e  th is  
occurs under sp r in g  high w a te r  ta b le  cond i t ions  
hut to very d if fe r ing  d e g r e e s  in  d i f f e r e n t  w a t e r ­
courses (Fig. 7); the i n c r e a s e  in g r o u n d w a te r  
Pressure not fully d i s s ip a te d  by i n c r e a s e d  
0"' at the pe re n n ia l  s p r in g h e a d s  in i t ia t in g  new 
spiings and se e p a g e s  a t in c r e a s i n g ly  h ig h e r  
levels.
The discharge r e g im e  of the C halk  a q u i fe r  in 
31 eas other than the Hull V a lley  is  of s e c o n d a ry  
significance to th is  r e p o r t .  A s e r i e s  of co n tac t  
pi mgs exist all a long the e s c a r p m e n t  a t the
junc t ion  betw een  the b a s e  of the Chalk  s e r i e s  
and the u nder ly ing  J u r a s s i c  c lay s .  T h e s e  
w a te r c o u r s e s  w e re  a lso  inc luded  in the s j j r in g  
and au tum n 1970 s u r v e y s .  L o c a l i s a t io n  
of s p r in g s  h e re  i s  dependan t on the s u p e r f i c i a l  
d i s tu rb a n c e s  a s s o c ia te d  with the f o rm a t io n  of 
the e s c a r p m e n t  and th e i r  ef fec t  on the jo in t  
p a t t e r n  of the Chalk. It i s  f u r th e r  c o m p l ic a te d  
w h ere  p e r m e a b le  d r i f t  d ep o s i ts  a r e  banked  up 
a g a in s t  the e s c a r p m e n t  o r  w h ere  i t  i s  u n d e r la in  
by p e r m e a b le  J u r a s s i c  s t r a t a ,  s in c e  in th e se  
a r e a s  su b s u r fa c e  outflow f ro m  the Chalk g r o u n d ­
w a te r  s y s t e m  m a y  occ u r .  The c o n s is te n t  
(altliough low) h y d rau l ic  g ra d ie n t  to w a rd s  the 
c o a s t  in the F la m  bo rough P e n in s u l a r  s u g g e s ts  
tha t  p e r e n n ia l  d i s c h a r g e  of Chalk g ro u n d w a te r  
ta k e s  p la ce  h e r e  d i r e c t ly  to the N o rth  Sea e i t h e r  
on the b e a c h e s  o r  below low tide level .
Som e d is c h a r g e  a l so  p ro b ab ly  r e a c h e s  the 
N o r th  Sea in d i r e c t ly  th rough  the land d ra in a g e  
sy s t e m  of e x t r e m e  n o r th e r n  H o ld e rn e s s  in the 
a r e a  so u th -w e s t  of B rid ling ton . The s t ro n g  
flows o b se rv e d  on th e se  and o th e r  land d r a in s  
a f t e r  a long  d ry  p e r io d  in au tum n 1971 su g g e s ted  
tha t  they con ta ined  s ig n i f ic an t  q u a n t i t ie s  of 
g ro u n d w a te r  d i s c h a r g e ,  p ro b a b ly  a s  the r e s u l t  
of the a r t i f i c i a l  d ra in a g e  of s e e p a g e  a r e a s .  
C h e m ic a l  a n a ly se s  of w a te r  s a m p le s  f ro m  som e 
land d r a in s  show ed th e i r  c h e m is t r y  to be a lm o s t  
id e n t ic a l  to those  of known Chalk  w a te r s  of the 
a r e a  and while tliose of s e v e r a l  o th e r s  r e f le c te d  
the p r e s e n c e  of a g r ic u l tu r a l  eff luent and m ix ing  
with o th e r  w a te r s ,  they too could have had a 
l a r g e  com ponent of Chalk w a te r ,  m a sk e d  by 
v i r tu e  of i t s  low sa lin ity .  U nfo r tuna te ly  
s t ro n t iu m  and f lu o r id e ,  f re q u en tly  d iag n o s t ic  of 
Chalk w a te r s ,  a r e  not p r e s e n t  a t  s ig n i f ic an t ly  
high le v e ls  in E a s t  Y o rk s h i r e  and th e re fo r e  
cannot be u sed  fo r  t r a c e r  p u r p o s e s .  Those  
land d r a in s  which ap p e a red  on the ba lance  of 
f ield  and h y d ro g eo c h em ic a l  ev idence  to have a 
s ig n i f ic an t  p ro p o r t io n  of Chalk  b a s eflow w^ere 
inc luded  in F ig . 7.
One im p o r ta n t  a r e a  of n a tu ra l  d i s c h a r g e  of 
the Chalk a q u i fe r  which has  not been  m entioned  
so  f a r  i s  the i n te r m i t t e n t  overflow  in p a r t s  of 
the G re a t  Wold V alley ,  fo rm in g  the G ypsey Race. 
The ex ten t of i t s  d ev e lopm en t  v a r i e s  co n s id e ra b ly  
f ro m  s e a s o n  to s e a s o n  (Fig. 7) and f ro m  y e a r  to 
y e a r  (Fig. 10); the hydrogeo logy  of th is  w a t e r ­
c o u r s e  i s  of c o n s id e ra b le  s ign if icance  to the 
study of the H u ll-H em pho lm e ca tc h m en t  and is  
th e r e f o r e  d e a l t  with in deta il .
H Y D R O C . E O I . O i l Y  O F  T H E  C . Y E S E Y  R A C E
The Gypsey  Race has  been a s u b je c t  of 
c o n s id e r a b le  lo c a l  w ri t ing ,  s u p e r s t i t io n  and 
t rad i t io n ;  ' a s  the overf low ing  of the N ile  w as to 
the a n c ie n ts  long an en igm a,  so w as  the r i s in g
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{the Gypsies, and m a y  y e t  be so . even  to so m e  
o f  t h e  learned ' ( B r i e r l e y .  1895). A s will be seen  
from its long p ro f i l e  (F ig .  11), i t  i s  co m p lex  and 
is not a single w a te r c o u r s e ,  but two.
The Upper G ypsey  R ace  h a s  i t s  o r ig in  in a 
number of sm a ll  c o n ta c t  e s c a r p m e n t  s p r in g s  in 
the vicinity of W h a r r a m - l e - S t r e e t ,  which d r a in  
the s u r r o u n d i n g  s p u r s  of the h ighly  in c i s e d  C halk  
e s c a rp m e n t .  In  th is  un ique c a s e  the e s c a r p m e n t  
springs do not d r a in  to w a r d s  the  D erw en t  r i v e r  
system but c o a le sc e  and flow back  onto the Chalk  
outcrop,  as a r e s u l t  of to p o g r a p h ic a l  m o d if ic a t io n s  
caused by s u p e r f ic ia l  d i s t u r b a n c e s ,  such  as  
valley-floor heave.
This upper s e c t io n  of the G ypsey  R ace ,  a l though 
perched to som e d e g r e e  by the v a l le y  f lo o r  
deposits (flint g r a v e l s  w ith  in te r b e d d e d  s i l t s ) ,  
exhibits a c o n s is te n t ly  in f lu e n t  cond i t ion  and 
gradually d e c r e a s e s  in flow a s  a r e s u l t  of le a k a g e  
to the main Chalk w a te r  ta b le  (F ig .  11). U n d er  
average conditions it h a s  a flow of 0 .06  to 0.20 
cumecs at Kirby G r in d a ly ih e  and f low s s o m e  10 
km or so to W e a v e r th o rp e  b e f o r e  f in a l ly  
disappearing as a r e s u l t  of c u m u la t iv e  s t r e a m  
bed leakage. At m a x im u m  i t  m a y  p e r h a p s  exc ee d  
0.45 cumecs and flow a l l  the way down the G r e a t  
Wold Valley to jo in  up with  the L o w e r  G ypsey  Race. 
In extreme drought i t s  s o u r c e  s p r in g s  on the 
escarpement may d r y  up. The ne t  h y d ro lo g ic a l  
effect of the w a te r c o u r s e  is  to g e n e r a te  r e c h a r g e ,  
of perhaps up to 0.1 c u m e c s  (8 M l/d )  m a x im u m ,  
to the llu l l- l lem pholm e c a tc h m e n t  and to p ro d u c e  
a recharge mound on the C ha lk  w a te r  tab le  (F ig .  7).
Tlic low Cl' m a in  s e c t io n  of the Gyqjsey Race 
appears on the o th e r  hand to be a co n ven tiona l  
water table rivei* (I 'ig. 11) o r ig in a t in g  in a 
number of la rge  d e p r e s s io n  C ha lk  s p r in g s  a t  
various locations on the  f lo o r  of the G r e a t  Wold 
Valley. It flows to the N o r th  Sea a t B r id l in g to n  
Harbour. . \ t  h ig h e s t  C ha lk  w a te r  le v e l s ,  the 
source springs a r e  lo c a te d  1 to 2 k m  w e s t  of Wold 
Newton and f u r th e r  c o n t r i b u to r y  s p r in g s  o c c u r  
downstream as f a r  a s  B u r to n  F le m in g .  Som e 
of these appear to be lo c a l i s e d  w h e r e  q u a r r y in g  
of gravels from the f lo o r  of the G r e a t  Wold 
Valley provides a ve i  y low r e s i s t a n c e  d i s c h a r g e  
path for Chalk g ro u n d w a te r .  F u r t h e r  c o n t r i b u to ry  
depression sp r in g s  o c c u r  b e tw e en  R uds ton  and 
Boynton, although be tw e en  B u r to n  F le m in g  and 
Bodston the r i v e r  a p p e a r s  to be f a i r l y  c o n s ta n t  
inflow, or locally  v a r y in g  f ro m  e f f lu en t  to 
influent. In this s e c t io n  i t s  c o u r s e  i s  d iv e r t e d
from east-west to n o r th - s o u th ,  the l ine  of the
Great Wold Valley a p p a r e n t ly  be in g  fau l t
contro lled .
 ^ The available spo t flow gau g in g s  on the 
C"'Or Gypsey Race have  been  in c o r p o r a t e d  in
Fig. 9 and, when a v e ra g e d  o v e r  long  p e r io d s ,  
r e p r e s e n t  a c o n s id e ra b le  quan t i ty  of Chalk  
g ro u n d w a te r  d i s c h a rg e .  The gauging s i t e  at 
B e ss in g b y  Road B r idge  (Fig. 11) a l so  has  a 
la r g e  underf low  which p ro b ab ly  e x c e e d s  0.2 
c u m e c s  (17 M l /d )  even  in drought.
As g ro u n d w a te r  le v e ls  r e c e d e ,  the flow at 
each  of the c o n t r ib u to ry  s p r in g s  d e c r e a s e s  and 
at so m e  s ta g e  the u p p e r  s e t s  of s p r in g s  in the 
v ic in ity  of Wold Newton c e a s e  to flow. F low  f r o m  
those  in the Rudston and Boynton a r e a  n o r m a l ly  
p e r s i s t s ,  a l though at low r a t e s ,  fo r  m uch  of the 
s u m m e r  but qu ite  com m only  in au tum n the w a t e r ­
c o u r s e  d r i e s  out co m p le te ly  o v e r  the e n t i r e  
leng th  of i t s  lo w e r  sec t ion .  M o re o v e r  in c e r t a in  
y e a r s  when the g ro u n d w a te r  le v e ls  r e a c h  only 
r e la t iv e ly  low m a x im a ,  the  Gypsey  Race m ay  
not flow at all in i t s  lo w es t  s e c t io n  o r  m a y  only 
flow fo r  a s h o r t  p e r io d  f ro m  the R uds ton-B oyn ton  
sp r in g s .
During  p e r io d s  of ra p id ly  r i s in g  w a te r  tab le  
com plex  condit ions m a y  e x i s t  fo r  s h o r t  p e r io d s  
in the lo w e r  se c t io n  of the G ypsey  Race; fo r  
ex a m p le ,  i t  m ay  flow f ro m  Wold Newton but 
d i s a p p e a r  between  Rudston and B u r to n  F le m in g  
as  a r e s u l t  of i n c r e a s e  in g ro u n d w a te r  le v e ls  in 
one p a r t  of the Wolds b e fo re  ano ther .
As a r e s u l t  of i t s  i n te r m i t t e n t  c h a r a c t e r  
and o c c a s io n a l  v e r y  l a r g e  flows (in 1966 
ex ceed ing  3.5 cu m ec s) ,  the G>psey Race has  
been  e x ten s iv e ly  can a l ised .
I)hH.h\F. . iTI()N OF T H E  I I U I J . - I lE M T I l O L M E  
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It i s  now p o ss ib le  to c o n s id e r  f u r th e r  the 
de l in ea t io n  of the g ro u n d w a te r  c a tc h m e n ts  to 
tlie Hull at  H em pholm e Lock  and to the t r ib u ta r y  
gauging s ta t io n s  at W ansford  B r id g e  and F o s to n  
Mill.  Many g ro u n d w a te r  c a tc h m e n ts  un d e rg o  
m a jo r  v a r ia t io n s  in shape and a r e a  s e a s o n a l ly  
o r  f ro m  y e a r  to y e a r ,  in c o n t r a s t  to s u r f a c e  
w a te r  c a tc h m e n ts  which a r e  e s s e n t i a l l y  of fixed 
a r e a  and bo u n d ar ie s .  M o re o v e r  in the c a s e  of 
p e r m e a b le  ca tc h m e n ts  a c o n s id e r a b l e  body of 
da ta  on g ro u n d w a te r  le v e ls  and th e i r  f luc tua tion  
a r e  r e q u i r e d  befo re  an a c c u r a t e  d e l in ea t io n  of 
c a tc h m e n t  a r e a  can  be a t tem p ted .  It i s  c l e a r ly  
inadequa te  to a s s u m e  tha t  the g ro u n d w a te r  
c a tc h m e n t  co inc ides  with the co n f ig u ra t io n  of 
the ground  s u r fa c e  in the ou tc rop  a r e a s  of 
p e r m e a b le  fo rm a t io n s .
In p r a c t i c e  the p r e c i s e  d e l in ea t io n  of the 
c a tc h m e n t  of the Hull a t  H em pholm e L ock  is  
com plex  both fo r  the above r e a s o n s  and o th e rs .
It invo lves  a n u m b e r  of d i s t in c t  s te p s  (Fig. 12 
and T ab le  3). The b o u n d a r ie s  of the lowland 
s u r f a c e - w a t e r  c a tc h m e n t  can be d raw n  d i r e c t ly ,  
given know ledge of land d r a in a g e  p r a c t i c e s
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Table 3 Analysis of catchment  ar e as  to permanent gauging stations on the Hull R iver  s y s t e m  (in km^),
r---- --------- L o w lan d  s u r f a c e  c a tc h m e n t Upland s u b s u r f a c e  c a tc h m e n t T o ta l  c a tc h m e n t  a r e a
Gauging
Station
with
a r t e s i a n  
c o n d i t io n s  at
with non- 
a r t e s i a n  
confined  
c o n d i t io n s
ou tc rop  
Chalk  + 
upland
B o u ld e r  Clay
ou tc rop
Chalk
alone
p ro b a b le  
co m b in a t io n  
of s u r f a c e  /  
s u b - s u r f a c e
b a s e d  on 
s u r f a c e  
c o n to u r s  
f o r  c o m ­
low
s a tu i
high
a t ion
low I 
s a tu r
high
ation
low 1 high 
s a tu ra t io n max. min.
p a r i s o n
(W) West Beck 
at Wansford 
Bridge
3 10 0 239 225 204 197 242 236 192
(p) Foston Beck 
at Foston Mill
4 7 <1 104 52 93 44 109 60 58
(II) River Hull at 
Hempholme 
Lock
35 52 22 434
■■■
352 355 288 491 426 378
a r e a s  of s u r f a c e  d r a in a g e a r e a s  of l a r g e ly  a r e a s  of 
s u b s u r f a c e  e n t i r e ly
d r a in a g e  s u b s u r f a c e
d ra in a g e
since these have d r a s t i c a l l y  a l t e r e d  the o r ig in a l  
position. Most of the  a r e a  i s  f o r m e d  of r e la t iv e ly  
impermeable d r i f t  d e p o s i t s  which w ill  g e n e r a te  
surface run-off and in te r f lo w ;  only  s m a l l  
permeable bodies e x i s t  w ith in  the  d r i f t  and none 
are sufficiently e x te n s iv e  to m od ify  the c a t c h ­
ment shape. The W est  B e ck  and B o s to n  B eck  
catchments have e x t r e m e l y  s m a l l  low land  
surface drainage c o m p o n e n ts  (F ig .  12 and T ab le  
3).
Part of the low land  s u r f a c e  d r a in a g e  a r e a s  
lies within the a r t e s i a n  zone  of the C h a lk  
aquifer. The next s te p  is  t h e r e f o r e  to de f ine  the 
sub-surface c a tc h m e n t  of the s p r in g h e a d s  
located within th is  a r e a .  T h i s  h a s  been 
attempted by d raw in g  l im i t i n g  g r o u n d w a te r  
flowlines from the g ro u n d w a te r  c o n t o u r s .  
Inaccuracies m us t  r e s u l t  b e c a u s e  the n e tw o rk  
of observation b o r e h o le s  (F ig .  7) w as  not 
sufficiently dense  to d e f in e  the d e ta i l e d  
distribution of head a ro u n d  the m a j o r  s p r in g s ,
'there an e lem ent of r a d i a l  g round  w a te r  flow 
"^ ust be p resen t.  T he  c a t c h m e n t  b o u n d a r ie s  
summarised in F ig .  12 and  m a j o r  s e a s o n a l  
changes are evident.
catchment b o u n d a ry  and w a te r  d iv ide  
chteen the Hull and D e rw e n t  r i v e r  s y s t e m s  is
r e a s o n a b ly  w ell e s t a b l i s h e d  and o c c u p ie s  a 
r e la t iv e ly  co n s tan t  p o s i t io n ,  p r in c ip a l ly  as  a 
r e s u l t  of the o v e r a l l  geo log ica l  s t r u c t u r e ;  o v e r  
s o m e  d is t a n c e  it  i s  f o rm e d  by a de f in i te  g e o ­
lo g ic a l  b a r r i e r  in  the c o r e  of the F o rdon  a n t i ­
c l ine  (Fig. 3A). Some u n c e r t a in t y  h o w e v e r  
s u r r o u n d s  i t s  p o s i t io n  in the e x t r e m e  n o r t h ­
w e s t  b e c a u s e  of the c o m p le x i ty  of the s t r u c t u r e  
in tha t  a r e a  (Fig. 3C) and the u n d e r ly in g  p e r m e ­
ab le  J u r a s s i c  s t r a t a .
The l a t e r a l  b o u ndary  of the H u l l -H e m p h o lm e  
c a tc h m e n t  to the sou th  is  fo rm e d  by a flowTine 
s e p a r a t in g  g ro u n d w a te r  d r a in in g  to the t ida l  and 
n o n - t id a l  Hull; i t  would a p p e a r  th a t  th is  can  be 
d raw n  wTtli to le r a b le  a c c u r a c y  (F ig .  7). The 
n o r t h - e a s t e r n  b o u n d a ry  i s  m uch  m o r e  co m p lex  
and r e la te d  to the d e v e lo p m e n t  of the G ypsey  
R ace.  It a p p e a r s  tha t  the H u l l -H e m p h o lm e  and 
F o s to n  B eck  c a tc h m e n t s  a r e  c o n s id e r a b ly  m o r e  
e x te n s iv e  a f t e r  the C halk  a q u i fe r  c e a s e s  to 
d i s c h a r g e  at the s o u r c e  s p r in g s  of the G\q)sey 
Race n e a r  Wold Newton (Fig . 12 and T ab le  3). 
T h is  is  not to s a y  tha t  a g r e a t  d ea l  m o r e  w a te r  
f lows sou th  as  a r e s u l t .  D uring  the p e r io d  
im m e d ia te ly  fo llow ing  the c e s s a t io n  of flow of 
the G}T>sey Race f ro m  Wold Newton, the e n t i r e  
a r e a  i s  one of v e r y  f la t  h y d ra u l i c  g r a d ie n t s  as  
a r e s u l t  of the p r e c e d in g  d ra in a g e  e f fec t  and it
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cons iderab le  t im e  fo r  the new b a s e  le v e l  
to become effec tive .
With the excep t ion  of the  p r e v io u s l y  m e n tio n e d  
recharge from  the U p p e r  G y p sey  R a ce ,  t h e r e  Is 
n o t  thought to be any s ig n i f ic a n t  q u a n t i ty  of 
natural or a r t i f ic ia l  w a te r  t r a n s f e r  a c r o s s  the 
catchment b o u n d a r ie s ;  a l though  the l a t e r a l  
boundaries could be in f lu e n c e d  by the d e v e lo p m e n t  
o f  groundwater s u p p l i e s  in  t h e i r  v ic in i ty .  M o r e ­
over the amount of g r o u n d w a te r  a b s t r a c t i o n  is  
at present low (7 .Ml/d) and th e r e  i s  v e r y  l i t t l e  
export or consum ptive  u s e ,  o r  o t h e r  i n t e r ­
ference with the n a t u r a l  g r o u n d w a te r  cyc le .
Even in the v ic in ity  of G r e a t  D r i f f ie ld  m o s t  
groundwater a b s t r a c t io n  g e n e r a t e s  an e f f luen t 
to the Driffield C a n a l  of c o m p a r a b le  v o lu m e  and 
thus contributes to the flow of the Hull at  
Hempholme Lock. Such in t e r n a l  c a tc h m e n t  
usage of g roundw ate r  d o e s  no t  h ave  any  s ig n i f ic a n t  
effect on the w a te r  r e s o u r c e s  s i t u a t io n  p ro v id e d  
that the effluent g e n e r a te d  i s  of to l e r a b l e  q u a l i ty  
and experiences a d e q u a te  d ilu t ion .  T h e r e  is  
also a minor d e g re e  of a r t i f i c i a l  c o n t ro l  on the 
rate of flow of K a f fe r to n  B e c k  and p o s s ib ly  a l s o  
of Foston Beck.
It is of im p o r ta n c e  in the  hydrolog} ' of the 
Hull catchment to look m o r e  c l o s e l y  in to  
bypass flows and u n d e r f lo w s  a t  the m a in  gauging 
stations. The B e v e r l e y - B a r m s t o n  D ra in  r u n s  
parallel to and along the  w e s t  bank  of the r i v e r  
Hull at Hempholme L ock ;  i t s  flow i s  d e r iv e d  
from an extensive s y s t e m  of land  d r a i n s  m a in ly  
on the east bank in n o r t h e r n  H o l d e m e s s  but i t  
also includes so m e land  d r a i n s  tha t  a r e  s u s p e c te d  
of having a Chalk baseflow  and i t  cou ld  a l s o  a c t
as  a d r a in  fo r  the le v e e s  of the R i v e r  Hull i t s e l f  
o v e r  c o n s id e r a b l e  d i s t a n c e s .  T h e r e  a r e  no 
r e l i a b le  d a ta  on the flow of the  B e v e r l e y - 
B a r m  s ton  D ra in  but in f o rm a t io n  on p u m p a g e  at 
W ilfho lm e L ock  s u g g e s ts  tha t  even  the r e la t i v e ly  
low flows could be 0.3 c u m e c s  (25 M l/d ) .  A 
s ig n i f ic a n t  b y p a s s  of the W ansfo rd  B r id g e  
gauging s t r u c t u r e  a l s o  a p p e a r s  to e x i s t  (T a b le  4).
A lm o s t  a l l  r iv e r f lo w  gauging s t a t io n s  w ill  
have  a g r o u n d w a te r  underf low , co m m o n ly  w ith  
two com p o n en ts ;  a sha llow  underf low  th ro u g h  
the s u p e r f i c ia l  d e p o s i t s  r e l a te d  to the r i v e r  
i t s e l f  and a deep underf low  th ro u g h  a r e g io n a l  
a q u i f e r  w h ere  a m a jo r  p e r m e a b le  f o rm a t io n  is  
p r e s e n t  a t  depth. The l a t t e r  i s  n o r m a l ly  the 
m o r e  s ig n i f ic a n t  in  t e r m s  of w a te r  b a lan c e  
c o m p u ta t io n s .  The m a g n itu d e  of the deep 
u n d e rf lo w s  has  been  e s t im a te d  f r o m  D a r c y ' s  
L aw , s in c e  the h y d ra u l i c  g r a d ie n t s ,  c r o s s -  
s e c t io n a l  a r e a s  of g ro u n d w a te r  flow and a q u i fe r  
p i 'o p e r t i e s  a r e  known o r  ca n  be a s s e s s e d  with  
to le r a b le  a c c u r a c y  (Tab le  4). In a l l  c a s e s  the 
gauging  s ta t io n s  a r e  lo c a te d  'd o w n s t r e a m '  of the 
m a in  d is c h a r g e  a r e a  of the C ha lk  a q u i f e r  and the 
T v a lu e s ,  h y d rau l ic  g ra d ie n ts  and,  t h e r e f o r e ,  
u n d e r f lo w s  a r e  a l l  low. The c r o s s - s e c t i o n  of the 
a l lu v ia l  c h a n n e ls  of the Hull and i t s  t r i b u t a r i e s  
a r e  sha llow  and n a r r o w  and th e i r  th roughflow s  
a r e  p ro b a b ly  neg l ig ib le .
C H A L K  A Q U I F E R  A X  A  L Y S I S  T H R O U G H  R l V E R r  
E I . O W  A M )  G R O U X D W A T E R  L E E  E L  D A T A
The a n a ly s i s  of r iv e r f lo w  and g r o u n d w a te r  
le v e l  da ta  can y ie ld  va luab le  in fo rm a t io n  on the 
g r o s s  b e h a v io u r  and p r o p e r t i e s  of a p e r m e a b le  
ca tc h m e n t .  The g r o u n d w a te r  c a tc h m e n t  of
Table 4. Bypass f lows and C h a lk  g r o u n d w a te r  u n d e r f lo w s  at p e r m a n e n t  r i v e r  gauging  s ta t io n s .
Gauging
station
B y p a s s  f low s C halk  g ro u n d w a te r  underf low
bypass
route
b y p a s s  flow 
(Ml d) co n d i t io n s
T value  
( m2/d)
Width of flow 
path  (km)
U nderflow
(M l/d)
cond i t ions
11 B ever ley-  
B arm  ston up to low flow 150 12
2 A pr.  1970, 
high flow
Brain (in 
part)
25 1 O ct.1970 ,  
low flow
W major r e l i e f  
drain on 5 O ct.1970 , 600 5
5 A pr.  1970, 
h igh flow
southern
side
low flow 3 O ct.1970 , 
low flow
F flow
diversion 0 300 3
1 A pr.  1970, 
h igh flow
to re lie f  
.drains
<1 O ct.1970 , 
low flow
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W e s t  Beck at the W a n sfo rd  B r id g e  gauge (Fig. 
12) is the m ost  h o m o g e n e o u s  g e o lo g ic a l ly ,  has
i u r i a U  i
) t  l i l l ,   
t h e  most constant sh a p e  and a r e a  and is  t h e r e f o r  
the most su itable f o r  sucli a n a ly s i s .
Horton (1933) and B a r n e s  (1939) found tha t 
the components f o rm in g  a d i s c h a r g e  h y d ro g ra p h ,  
including those d e r iv e d  f r o m  a g r o u n d w a te r  
system, frequently  e a c h  liad a r e c e s s i o n  tha t 
could be app rox im ated  by s im p le  ex p o n e n t ia l  
relationships of the f o rm ;  = Qo^ = Q qK^ 
where Qo and Qt a r e  the  d i s c h a r g e  at the 
beginning of the m e a s u r e m e n t  p e r io d  and a f t e r  
time t respectively  and k and K a r e  known as  
recession cons tan ts .  When logygQ w as  p lo t ted  
against t, a . s tra igh t  l ine  r e l a t i o n s h i p  r e s u l t e d  
in which for one log c y c le  of Q 
k= 1 = 1
tlogioe 0.43t
In the case of tlie g r o u n d w a te r  co m p o n e n t ,  
the total amount of g r o u n d w a te r  s t o r a g e  above 
hydrological ou tle t o r  b a s e  le v e l  (S^) c o r r e s p o n d i n g  
to a river baseflow (Q J  will  eq u a l  the to ta l  
potential d ra inage y  ^  Q |d l  =
irom w h ic h .  S i  = Q .  k .
Such a groundw a t e r  s y s t e m  ca n  thus  be 
termed a ' l in e a r  r e s e r v o i r '  b e c a u s e  i t s  r a t e  of 
natural discharge is  d i r e c t l y  p r o p o r t i o n a l  to i t s  
storage and s to ra g e  l e v e l s ;  it i s  im p l ic i t  in the 
Horton (1933) equation.  T he  r e la t i o n s h i p  a p p e a r s  
to hold providing h y d r o g e o lo g ic a l  co n d i t io n s  a r e  
relatively sim ple with  one e x t e n s i v e ,  f a i r l y  
uniform aquifer, n e g l ig ib le  d i r e c t  é v a p o t r a n ­
spiration of g ro u n d w a te r  in r i p a r i a n  a r e a s ,  
absence of m a jo r  g r o u n d w a te r  d e v e lo p m e n t ,  
river regulation and s ig n i f i c a n t  e f f lu e n t  
discharges.
It can be seen (Fig. 8) liiat no s in g le  l o g - l i n e a r  
relation d escr ibes  the r e c e s s i o n  a t  any  one of the 
three permanent gauging  s t a t i o n s  on the  Hull 
river system. It is  e v id en t  h o w e v e r  tha t  t h e i r  
Recessions can be s p l i t  in to  a n u m b e r  of log -  
linear segments and tlie a n a l y s i s  of d a ta  fo r  th o se  
other years in w hich the r e c e s s i o n  w as  not 
’.nterrupted by r e p e a te d  l a r g e  r e c h a r g e  in c id e n t s  
ooiioborated this point.  F o r  ea c h  gauge  th r e e  
^ogmenis appeared to be p r e s e n t ,  o c c u r r i n g  
‘opeaiedly in r e a so n a b ly  c lo s e ly  de f in e d  flow 
'’“Oges (Table 5). In the  c a s e  of the  H u ll-  
ompholme Lock c a tc h m e n t  f u r t h e r  s t e e p e r  lo g -  
tooai recession e l e m e n ts  of l i ig h e r  k, a r e  a l s o  
P'osent reflecting s u r f a c e  r u n - o f f  and in te r f lo w  
oniiibutions f rom  tlie low land  s u r f a c e  c a tc h  -
ment (Fig. 8)_
The recession of g r o u n d w a te r  l e v e l s  at
N a f fe r to n  (64/1  in F ig .  8) has  a s i m i l a r  
fo rm .  M o re o v e r  when the r iv e r f lo w  d a ta  f ro m  
the two t r ib u ta r y  gauging s ta t io n s  f o r  s e le c te d  
y e a r s  is  p lo t ted  a g a in s t  C halk  g r o u n d w a te r  
s to r a g e  le v e l  at  N affe r to n  (Fig. 13), the 
r e la t io n s h ip  i s  c e r t a in ly  not one of a l i n e a r  
s to r a g e  r e s e r v o i r  type. T h is  i s  p a r t i c u l a r l y  
a p p a r e n t  if s p e c ia l  a t ten t io n  is paid  to the d a ta  
co l lec te d  d u r in g  the e x t r e m e  d ro u g h t  in 1964- 
1965. No p a r t  of the d e p a r tu r e  f ro m  l in e a r i t y  
can  be a t t r ib u te d  to d i f f e r e n c e s  in s p r in g  and 
au tum n  g ro u n d w a te r  é v a p o t r a n s p i r a t io n  f ro m  
r ip a r i a n  a r e a s  b ec au se  of th e i r  v e r y  r e s t r i c t e d  
ex ten t ,  n o r  to a r t i f i c a l  in t e r f e r e n c e s  which a r e  
neg l ig ib le .  It a p p e a r s  h o w ever  tha t  the data  
could be sp l i t  in to  a n u m b e r  of l i n e a r  s e g m e n ts  
(Fig. 13); r e p r e s e n ta t i o n  of a com plex  g ro u n d w a te r  
c a tc h m e n t  by a s e r i e s  of l i n e a r  s to r a g e  e le m e n ts  
being  p r e f e r r e d  f ro m  m o s t  s ta n d p o in ts ,  if  at all 
p r a c t i c a l .
The a n a ly s i s  can  be ex tended  to com pute  
a v e r a g e  v a lu e s  of sp e c i f ic  y ie ld  (Sy) fo r  each  
l i n e a r  s to r a g e  e le m e n t  in  the c o m p o s i te  r e c e s s i o n  
(Fig . 13). The co m p u ta t io n  of the to ta l  vo lum e 
of basef low  d u r in g  defined  p e r io d s  i s  a r e la t iv e ly  
a c c u r a t e  p r o c e s s  but e r r o r s  a r i s e  in  the 
e s t im a t io n  of the c o r r e s p o n d in g  c h a n g es  in 
g ro u n d w a te r  lev e l  and to a l e s s e r  e x ten t  in  the 
e s t im a t io n  of the  a q u i fe r  c a tc h m e n t  a r e a  u n d e r ­
going d ra in a g e .  V a lu e s  of 0,010, 0 .015 and 
0 .005 to 0.010 a p p e a r  to be in d ic a ted  f o r  the 
th r e e  s e g m e n ts  of the r e c e s s i o n  (T ab le  6). 
F u r t h e r m o r e  if the e x i s te n c e  of a s in g le  l i n e a r  
e l e m e n t  of a q u i fe r  s to r a g e  be tw een  e x t r e m e  
d ro u g h t  g ro u n d w a te r  le v e l  and h y d ro lo g ic a l  b a s e  
le v e l  i s  a s s u m e d ,  i t  i s  p o s s ib le  to m a k e  an 
e s t im a te  of i t s  a v e r a g e  sp e c if ic  y ie ld  (Sy). A 
v a lue  s ig n i f ic an t ly  lo w e r  than  0.005, p e r h a p s  
n e a r e r  0 .002, i s  ob ta ined  (T ab le  6). T h e s e  
r e s u l t s  and the o v e r a l l  a n a ly s i s  have  been  
c o n f i rm e d  by the a n a ly s i s  of p o s t - 1971 d a ta  
f ro m  the ex tended  o b s e rv a t io n  b o re h o le  ne tw ork  
in  the W est B eck  c a tc h m e n t  ( F o s t e r ,  1974).
The a n a ly s i s  of r iv e r f lo w  and g ro u n d w a te r  
le v e l  r e c e s s i o n s  thus  a p p e a r s  to c o r r o b o r a t e  
th a t  of the p u m p in g  t e s t  da ta  in  in d ic a t in g  
s ig n i f ic a n t  l a y e r in g  in  the  C ha lk  a q u i f e r ' s  
h y d ra u l i c  p r o p e r t i e s .  It i s  n o te w o r th y  how ev e r ,  
tha t  even  a t  e x t r e m e  d ro u g h t  the to ta l  g ro u n d w a te r  
s t o r a g e  in  the W e s t  B e ck  and H u ll-H em p h o lm e  
c a tc h m e n t s  above h y d ro lo g ic a l  b a s e  le v e l  a lone ,  
i s  e s t im a te d  to be o v e r  8000 All and 15 000 All 
r e s p e c t iv e ly .  It i s  not u n re a s o n a b le  to expec t  
a t  l e a s t  two to th r e e  t im e s  th e se  v o lu m e s  to be 
in s to r a g e  below b a s e  le v e l ,  g iven tha t  
s ig n i f ic a n t  g r o u n d w a te r  c i r c u la t io n  has  been  
d e m o n s t r a te d  below OD a t  the two s i t e s  w h e re  
g e o p h y s ic a l  b o re h o le  flow in v e s t ig a t io n s  have 
been  m ade .
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Table 5. Summary of r iverflow  r e c e s s io n  c h a r a c te r i s t i c s
Measuring
station
R iv e r  Hull at 
H em jih o lm e  L ock
W est B e ck  at 
W a n sfo rd  B r id g e
F o s to n  B eck  at 
F o s to n  M ill
Dale of data 19 6 4 /5 1970 I960 1964 /5 1966 1970 I960 1964 /5 1966 1970
Recession c o n s t a n t  
(k)days'^ 0.029 0 .023 - 0.022 0.018 0.020 - - 0.018
Approximate 
riverflow in  
cumecs at 
inflexion p o in t 3.7 2.8 1.8 2.4 1.8 ? 1.0 ?
Recession c o n s t a n t  
(k)days-^ 0.015 0.011 0 .013 0 .009 0.010 0.008 0.009 0.010 0.007 0.009
Approximate 
riverflow in  
cumecs at 
inflexion p o in t 1.3 1.1 0.8 0.6 0.7 0.4 0.3 0.3
Recession c o n s t a n t  
(k) days'^ 0.004 0.004 0.004 0 .004 - 0 .004 0.003 0.002 - 0 .003
t n i A ' A T l O X  O b  R b . C H . I H d b :  T O  
m W M H V .  l T E H  R E S T H I  ’O I K
The analysis  of long  s e q u e n c e  r iv e r f lo w  
data can be developed  to e v a lu a te  the  r e c h a r g e  
to the groundwater r e s e r v o i r  and be u se d  a s  
llie starting point in the e s t a b l i s h m e n t  of an  
overall water b a lan c e  f o r  the g r o u n d w a te r  
phase of the h y d ro lo g ic a l  cy c le .  A s  has  been  
mentioned e a r l i e r ,  th is  i s  not of p r i m a r y  
importance to the s c h e m e s  fo r  r i v e r  
augmentation f ro m  g r o u n d w a te r  s t o r a g e  a t  the 
rates initially e n v isa g e d  but p e r t a i n s  to the 
question of u l t im ate  y ie ld  of the  C ha lk  a q u i fe r .
The mean da i ly  d i s c h a r g e  d a ta  f o r  the 
three permanent gaug ing  s t a t i o n s  on the  Hull 
river system can be a n a ly s e d  to s e p a r a t e  tlie 
Chalk groundwater c o m p o n e n t  (base flow ) in  the 
total riverflow. In any  r i v e r  o r  s t r e a m  s o m e ­
time after rain  c e a s e s ,  tlie flow w ill  be s u s ­
tained by g roundw a te r  d i s c h a r g e .  U n d e r  su c h  
conditions the m a g n itu d e  of tlie g r o u n d w a te r  
component is d i r e c t ly  m e a s u r a b l e ,  a l th o u g h  
incertain ca se s  i t  m a y  o r ig in a t e  f r o m  m o r e  
hian one g roundw ater  body. T he  a m o u n t  of 
aseflow under flood h y d r o g r a p h s  h o w e v e r ,
13S been and r e m a in s  the  s u b je c t  of m u c h
(B arn e s ,  193Ü; In e so n  and Downing, 
Kulandaiswamy and S e e t h a r a m a n ,  19G9) 
is the main s o u r c e  of e r r o r  in  the d e t c r -  
to ta l  g r o u n d w a te r  d i s c h a r g e ,  
j cory re la t io n sh ip s  of the  ty p e s  p r e v io u s l y  
ascribed (Horton, 1933; B a r n e s ,  1939) f u r n i s h
a m e thod  of e x t r a p o la t in g  back  f r o m  a known 
p e r io d  of basef low  r e c e s s i o n  to s e p a r a t e  the 
g r o u n d w a te r  co m ponen t  in  the flood cond it ion .
A c o m p lic a t io n  o c c u r s  i f  a p p r e c i a b l e  s u r f a c e  
r u n -o f f  is  p r e s e n t ,  s in c e  the r i v e r  s t a g e  w ill  
r i s e  f a s t e r  than  the  g r o u n d w a te r - s t a g e ,  
g e n e r a t in g  bank s to r a g e  and tend ing  to th r o t t l e  
g ro u n d w a te r  d i s c h a r g e ;  subsec iuen tly  when tlie 
r i v e r  s ta g e  f a l l s  the  g ro u n d w a te r  co m ponen t  
w ill  be g r e a t e r  than  p r e d i c t e d  u s in g  the 
r e c e s s i o n  c u rv e .  A ll  of th e s e  f a c to r s  w e re  
c o n s id e r e d  in  the  basef low  s e p a r a t i o n s  shown 
in F ig .  8, and the  m o s t  a r b i t r a r y  d e c is io n  tha t 
had to be m a d e  w as found to be the jo in in g  of 
e a c h  an n u a l  r e c e s s i o n  to th a t  p r e v io u s ,  b en e a th  
the r i s in g  l im b  of tlie h y d ro g ra p h .  Tliis p r o c e s s  
w as re f in ed  by d e ta i le d  s tu d y  of a s s o c i a t e d  
g r o u n d w a te r  le v e l  d a ta  (F ig .  8), but i t  i s  s t i l l  
p o s s ib le  th a t  e r r o r s  could  r i s e  to 15 p e r  cen t ,  
a l though  a r e  l ik e ly  to be l e s s  than ha lf  th is  f ig u re .
B y s i m i l a r  p r o c e s s  the C ha lk  base f low  h as  
been  s e p a r a t e d  f ro m  to ta l  r iv e r f lo w  a t  m a in  
gauging  s t a t io n s  f o r  e a c h  w a t e r - y e a r  in  the 
p e r io d  1962 /70  (T a b le  7). I t  i s  i n t e r e s t i n g  to 
n o te  th a t  in  e v e r y  c a s e  the  baseflow^ e x c e e d s  
80 p e r  c e n t  of the  to ta l  r iv e r f lo w  and  in  so m e  
c a s e s  a p p r o a c h e s  90 p e r  cent.
If the c a tc h m e n t  a r e a  f r o m  w hich  the 
g ro u n d w a te r  d i s c h a r g e  w as  d e r iv e d  can be 
a d e q u a te ly  def ined  and gauge u n d e r f lo w s  and 
b y p a s s  flows to g e th e r  with a r t i f i c a l  i n t e r f e r e n c e s
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taken into accoun t ,  then the annua l basef low  
component can be e x p r e s s e d  a s  an e q u iv a le n t  
effective in f i l t r a t io n  o r  m o r e  a c c u r a t e ly  as  the 
annual ra te  of r e c h a r g e  a t the w a t e r  tab le  
(Ineson and Downing, 1965). The f o r m e r  f a c to r s  
have already been  a s s e s s e d  ( T a b le s  3 and 4). F o r
gauge W the e r r o r  in the  e s t im a t io n  of g r o u n d ­
water ca tchm ent a r e a  could  p e r h a p s  am o u n t  to 10 
per cent. It could h av e  s ig n i f i c a n t  b y p a s s  f low s 
which would r e s u l t  in u n d e r e s t i m a t e s  of e f fec t iv e  
infiltration, a l though  a l l  o t l i e r  f a c t o r s  a r e  of l i t t l e  
consequence, e x c e p t  p o s s i b l e  gaug ing  e r r o r s .  In 
the case of gauges  F  and  H, the  c a tc h m e n t  a r e a s  
are so va r iab le  a s  to in v a l id a te  any su c h  a n a ly s i s .
In Table 7 the  co m p u ta t io n  of eq u iv a le n t  i n f i l ­
tration is p r e s e n te d  f o r  tlie w a t e r - y e a r s  19 6 2 /7 0  
assuming 100 p e r  ce n t  i n f i l t r a t io n  of e x c e s s  r a in f a l l  
through the up land  B o u ld e r  C la y .  If no in f i l t r a t io n  
is assumed in such  a r e a s ,  the m e a n  in f i l t r a t io n  
equivalent is  i n c r e a s e d  f r o m  350 m m  (13.7  in) to 
390 mm (15.3) in) and  the  v a l u e s  fo r  ind iv idua l  
years in c o r re sp o n d in g  p r o p o r t i o n .
It is of i n t e r e s t  to c o m p a r e  th e s e  v a lu e s  
wiili tliose fo r  e f fe c t iv e  i n f i l t r a t io n  in to  the  
unsaturated zone d e r iv e d  f r o m  the  m e t e o r o l ­
ogical p a r a m e te r s ,  p r e c ip i t a t i o n  (P)  and  
evaporation (E). It h a s  a l r e a d y  been  m e n t io n e d  
that the p ro c e s s  of in f i l t r a t io n  and  r e c h a r g e  to 
the aquifer's s a t u r a t e d  zone  m a y  be co m p le x  
since the ava ilab le  t r i t i u m  a g e  d e t e r m in a t io n s  
pose fundamental q u e s t io n s  on the  m e c h a n i s m  
and rates of g r o u n d w a te r  m o v e m e n t  in the 
unsaturated zone. It i s  tlius p o s s i b l e  th a t  
changes in s to r a g e  in the  u n s a t u r a t e d  zone  
could invalidate c o m p a r i s o n  b e tw een  the  two 
former p a r a m e te r s  but they  do a p p e a r  to be 
closely rela ted.
The direct m e a s u r e m e n t  of e v a p o r a t io n  is  a 
problem because of the  c o s t  and p r a c t i c a l  
difficulties a s s o c ia te d  w ith  l y s i m e t r y  and no 
data exist for the E a s t  Y o r k s l i i r e  Chalk .
Numerous in d i r e c t  m e th o d s  of e s t im a t in g  
evaporation ex is t ,  th ro u g h  the  m e a s u r e m e n t  of 
associated m e te o r o lo g ic a l  p a r a m e t e r s  and the 
application of e m p i r i c a l  f o r m u l a e  ( fo r  e x a m p le  
Thornlhwaite, 1948; P e n m a n ,  1948). Such 
'Methods e s t im a te  the m a x im u m  e v a p o r a t io n  
that would lake p la c e  in  the g iven  c l im a te  f ro m  
a continuous c o v e r  of v e g e ta t io n  w ith  c o n s ta n t ly  
saturated soil , t e r m e d  the  p o te n t ia l  e v a p o r a t io n  
'%ot). In the I lu l l - H e m p h o lm e  c a tc h m e n t  t h e r e  
no stations w h e re  s u f f i c ie n t  n u m b e r s  of 
"meteorological p a r a m e t e r s  a r e  m e a s u r e d  to 
"""ipute EpQ^ but a v e r a g e  v a lu e s  f o r  the  n o r th e r n  
P^ rt of East Y o rk s h i r e  a r e  e s t i m a t e d  on a 
Ijmonthly basis by the M e te o r o lo g ic a l  Office.
^’" estimation in v o lv e s  both c o r r e l a t i o n  on the 
of sunsiiine r e c o r d s  and e m p i r i c a l
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c o r r e c t i o n  to a v e r a g e  a l t i tu d e  ( M in i s t ry  of 
A g r i c u l t u r e ,  F i s h e r i e s  and F ood .  1967). The 
d a ta  to g e th e r  w ith  the a v e r a g e  m o n th ly  
p r e c ip i t a t io n ,  a t  th r e e  r e p r e s e n t a t i v e  r a in f a l l  
s t a t io n s ,  a r e  p r e s e n te d  fo r  the p e r io d  O c to b e r  
1962 to S e p te m b e r  1970 (T ab le  8).
A c tu a l ,  a s  opposed  to p o te n t ia l ,  e v a p o r a t io n  
(Eact)  is  l im i te d  by a v a i la b i l i ty  of so i l  m o i s t u r e  
and is  in  tu r n  a function  of type of v e g e ta t io n  
and so i l  cond i t ions .  When so i l  m o i s tu r e  d e f ic i t  
(SMD) fa l l s  to a c e r t a in  le v e l ,  g iven  ty p e s  of 
p la n t  a r e  u nab le  to d raw  w a te r  to t h e i r  r o o t s  to 
t r a n s p i r e  and thus  in  ex ten d e d  d r y  p e r io d s  E ^ ^ t  
m a y  be c o n s id e r a b ly  l e s s  than  Epot- In a s tudy  
of p a r t  of E a s t  A ng lia ,  P e n m a n  (1950) r e c o g n i s e d  
t h r e e  g e n e r a l  zo n es  def ined  on a b a s i s  of t h e i r  
v eg e ta t io n ,  so i l  and g r o u n d w a te r  c h a r a c t e r i s t i c s .  
E a c h  zone w as  a t t r ib u te d  a ' r o o t  c o n s ta n t '  (75 
m m ,  200 m m  and in f in i ty  fo r  the s h o r t  ro o ted ,  
long  ro o ted  and r i p a r i a n  zo n e s  r e s p e c t iv e ly ) ,  
r e p r e s e n t i n g  the dep th  of w a te r  th a t  would be 
s to r e d  in  the  ro o t  zone at f ie ld  cap ac i ty .
By c a lc u la t in g  the  e x c e s s  of Epg(. o v e r  P  on 
a m on th ly  b a s i s  and then  tak ing  in to  a c c o u n t  SMD 
th ro u g h  su c h  a s y s t e m  of land  z o n e s  w ith  f ixed  
r o o t  c o n s ta n t s  G r in d le y  (1967) d e s c r ib e d  a 
m ethod , adop ted  by the M e te o ro lo g ic a l  Office, fo r  
r e f in in g  e s t i m a t e s  of ev a p o ra t io n .  H ea d w o r th  
(197Ü), w o rk in g  on w a te r - b a l a n c e  co m p u ta t io n s  
and the d e ta i le d  t im in g  of r e c h a r g e  in c r e m e n t s  to 
the w a te r  ta b le  of the H a m p s h i re  C ha lk ,  show ed 
th a t  the 75 m m  ro o t  c o n s ta n t  f o r  the P e n m a n  s h o r t  
ro o te d  a g r i c u l tu r a l  zone gave  too l a r g e  v a lu e s  
f o r  SMD and Eg^ct- He su g g e s te d  tha t  f o r  th is  
zone  in H a m p s h i re ,  a  25 to 50 m m  ro o t  c o n s ta n t  
would be m o r e  a p p r o p r i a t e  and d i s c u s s e d  the 
av a i la b le  e v id en c e  f o r  and a g a in s t  th is  va lue  be ing  
g e n e r a l ly  a p p l ic a b le  in  s o u t h - e a s t e r n  Eng land .
O v e r  90 p e r  ce n t  of the C halk  o u tc ro p  of 
the  Hull - H e m p h o lm  e c a tc h m e n t  would be a s c r ib e d  
to the s h o r t  ro o te d  a g r i c u l t u r a l  zone. F o r  the 
p u r p o s e  of tliis r e p o r t  i t  w as  thought a d e q u a te  to 
u s e  a s im p l i f ie d  E ^ c t / ^ ^ ®  r e la t io n s h ip ,  in w hich 
E a c t  eq u a ls  E p o t  up to a l im i t in g  SMD of 75 m m ,  
b e a r in g  in m in d  the r e s t r i c t e d  n a t u r e  of the E p o t  
da ta  and the fa c t  th a t  e v a lu a t io n  of E a c t  i s  not of 
m a j o r  im p o r ta n c e  a t  p r e s e n t .  The r e la t io n s h ip  
u se d  i s  a p p r o x im a te ly  eq u iv a le n t  to a ro o t  
c o n s ta n t  in the  r a n g e  25 to  50 m m . On tha t  
b a s i s  the m o n th ly  co m p u ta t io n  of ac tu a l  e v a p o ­
r a t i o n  and e f fec t iv e  in f i l t r a t io n  w as u n d e r ta k e n  
(T a b le  8). I t  i s  w orth  no ting  th a t  in  e v e r y  c a s e  
the so i l  m o i s tu r e  r e t u r n s  to f ie ld  c a p a c i ty  in  
the  m on th  of o r  the m onth  b e fo re  the m a in  r i s i n g  
l im b  of the g r o u n d w a te r  le v e l  and r iv e r f lo w  
h y d r o g ra p h s .  T h e r e  a r e  h o w e v e r  o c c a s io n a l  
m in o r  r e c h a r g e  in c id e n t s  v i s ib le  on the r e c o r d s  
f ro m  a u to g ra p h ic  r e c o r d e r s  in the m o n th s  of
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June and Ju ly  and at o th e r  t im e s ,  when a 
significant SMD a l m o s t  c e r t a in l y  e x i s te d .
These c o m p u ta t io n s  of the inflow o r  in f i l t r a t io n  
to the groundw ate r  s y s t e m  do not b e a r  d i r e c t  
comparison with th o se  d e r iv e d  f ro m  basef low  
separation fo r  the ou tf low , b e c a u s e  of c h a n g e s  
in the total w a te r  in s t o r a g e  a t  the beg in n in g  of 
each water y e a r .  E v e n  a s s u m in g  th a t  u n s a tu r a t e d  
zone storage d o es  not v a r y  s ig n i f ic a n t ly ,  a f a c to r  
on which th e re  i s  a b s o lu te ly  no d a ta ,  t h e r e  can  
be significant v a r i a t i o n  in g r o u n d w a te r  le v e l s  
and saturated zone s t o r a g e  and in  so i l  m o i s t u r e  
storage, the a r e a  of s u r f a c e  w a t e r  and t h e r e ­
fore changes in i t s  s t o r a g e  be ing  n e g l ig ib le .
In prac tice  th e r e  a r e  no t  s u f f i c ie n t  d a ta  on 
changes in so il  m o i s t u r e  and g r o u n d w a te r  l e v e l s  
to attempt a full s t a t e m e n t  of the  w a t e r  b a la n c e  
including changes  of s t o r a g e .  By c a r e f u l  c h o ic e  
of period, h ow ever ,  f a c t o r s  f o r  w h ich  th e r e  is  
little data can be e l im in a t e d  o r  r e d u c e d  to m in o r  
order. In this co n n e c t io n ,  m i n o r  d i f f e r e n c e s  in 
groundwater le v e l s  would not a p p e a r  to be as  
significant as  th o se  of so i l  m o i s t u r e ;  a s s u m in g  
a specific y ie ld  f o r  the C ha lk  a q u i f e r  of 0.01 a 
20 m change in g r o u n d w a te r  le v e l  o v e r  the 
entire ca tchm ent r e p r e s e n t s  l e s s  w a t e r  than 
does a 25 m m  change  in so i l  m o i s t u r e .  When 
comparing the r e s u l t s  in T a b l e s  7 and 8 tli is  
should be taken in to  ac co u n t .  It is  ev id e n t  
however lliat the e f f e c t iv e  i n f i l t r a t i o n  v a lu e s  
derived from basef low  s e p a r a t i o n  g e n e r a l ly  
exceed those f ro m  m e te o r o lo g ic a l  p a r a m e t e r s .
If no infiltration th ro u g h  the up land  B o u ld e r  C la y  
IS assumed the d i f f e r e n c e s  a r e  q u i te  l a r g e .
Although the f o r m e r  c o u ld  have  bee n  s y s t e m ­
atically o v e re s t im a te d ,  an  a p p r a i s a l  of p o s s ib le  
sources of e r r o r  d i s c u s s e d  above  s u g g e s t s  th a t  
probably the r e v e r s e  i s  the  c a s e ,  u n l e s s  
important gauging e r r o r s  a r e  p r e s e n t .  T he  
figures derived f ro m  m e te o r o l o g i c a l  p a r a m e t e r s  
could be in e r r o r  b e c a u s e  of i n a c c u r a t e  p o te n t ia l  
evaporation data o r  i n a p p r o p r i a t e  r o o t  c o n s ta n t ,  
systematic u n d e r e s t im a te  o r  u n r e l i a b l e  a v e r a g e s  
for monthly p r e c ip i ta t io n .  In the c a s e  of the 
former the a v e ra g e  a l t i tu d e  u s e d  f o r  the 
M eteorological O ffice e s t i m a t e s  i s  ab o u t  60 m 
kss than that of the C h a lk  in ta k e  a r e a  of the 
Ilull-Hem pholm e c a t c h m e n t  and  in  th a t  of the 
latter it w as noticed  tha t  t h e r e  e x i s t e d  a 
|3riation of m o re  than 7 5 m m  b e tw e e n  the 
l^uee individual s t a t io n s  in c e r t a i n  i n s t a n c e s  
i" winter and sp r in g .
I revious w o rk e r s  have  m a d e  a p p r o x im a te  
l s^tiniates of the long t e r m  a v e r a g e  a n n u a l  
'"iltution to the C h a lk  of the Y o r k s h i r e  W olds 
jsfollows: V ersey  (1948) 200 to 330 m m ,
‘'""11(1950) 305 m m  and C r a y  (1952) 305 m m .
T he am o u n t  of in f i l t r a t io n  o r  r e c h a r g e  to 
the C halk  in  a r e a s  of B o u ld e r  C lay  c o v e r  will 
d epend  g r e a t l y  on the l a t t e r ' s  l i th o lo g y  and 
th ic k n e s s ,  a s  w ell  a s  on the v e r t i c a l  h y d r a u l i c  
g r a d ie n t s .  It i s  l ik e ly  to be s u b s t a n t i a l  even  
u n d e r  n a t u r a l  co n d i t io n s  on the  f lan k s  of the 
W olds and could  a l s o  o c c u r  in  p a r t s  of the Hull 
V a l ley  o u ts id e  the  a r t e s i a n  a r e a .  G ra y  (1952) 
a l low ed  an a r b i t r a r y  50 m m / a  f o r  a l l  a r e a s  
with  l e s s  than  9 m  of B o u ld e r  C lay  c o v e r  and 
f r o m  s tu d i e s  of E a s t  A n g lia n  c a tc h m e n t s ,  In e so n  
and Dow ning (1965) d e r iv e d  v a lu e s  v a r y in g  f r o m  
40 to 125 m m .
S T A T I S T I C A L  A N A L Y S I S  O F  H I  T E R  F  L O W  D A T A
Study of the  s t a t i s t i c s  of p a s t  flow d a ta  f o r  
the  R iv e r  H ull and i t s  t r i b u t a r i e s  i s  n e c e s s a r y  
to  de f ine  the  p e r io d  of and the  am o u n t  of s t o r a g e  
r e q u i r e d  f o r  flow a u g m e n ta t io n  and to e x a m in e  
the  o p e r a t in g  p r o b le m s .
F low  d u r a t io n  c u r v e s  a r e  p r e s e n t e d  fo r  the 
p e r io d  1962 to 1970 (F ig .  14), w hen a l l  t l i ree  
g aug ing  s t a t io n s  w e r e  in  co n t in u o u s  o p e ra t io n .
It i s  n e c e s s a r y  to  c o n s i d e r  how r e p r e s e n t a t i v e  
th is  flow p e r io d  is  of lo n g e r  t e r m  co n d i t io n s .
One of the g a u g e s ,  th a t  on W e s t  B e c k  at 
W a n sfo rd  BiTdge, h a s  in  fa c t  bee n  in o p e r a t io n  
s in c e  1953 and the flow d u r a t io n  c u r v e  f o r  the 
p e r io d  1953 to 1968 ( Y o r k s h i r e  O u se  and Hull 
R iv e r  A u th o r i ty ,  1969) h as  been  p lo t te d  f o r  
c o m p a r a t i v e  p u r p o s e s  (F ig .  15); i t  a p p e a r s  tha t  
the  l a t t e r  p e r io d  had no m o r e  e x t r e m e  d ro u g h t  
than the f o r m e r  but o v e r a l l  had  s o m e w h a t  lo w e r  
r iv e r f lo w s  In the n o r t h e r n  Y o r k s h i r e  W olds 
the a v e r a g e  r a in f a l l  d u r in g  1962 /70  w as  745 
m m / a ,  a l m o s t  eq u a l  to th e  1916 /50  a v e r a g e .  F o r  
the  p u r p o s e s  of w a t e r  r e s o u r c e s  d e v e lo p m e n t  it 
i s  im p o r ta n t  to know the m a x im u m  d e p a r t u r e s  
f r o m  the  long  p e r io d  flow d u r a t io n  c u r v e s  and 
the  p r o b a b i l i ty  of o c c u r r e n c e s  of low flows.
The flow d u r a t io n  c u r v e s  f o r  W es t B e ck  at 
W a n sfo rd  B r id g e  f o r  the  w a te r  y e a r s  1963 /64 ,  
1964 /65  and 1966 /67  a r e  t h e r e f o r e  a l s o  p r e s e n t e d  
(F ig .  15). With the  m o d e r a t e l y  s h o r t  flow r e c o r d  
a v a i la b le  i t  i s  no t p o s s i b l e  to m a k e  flow 
p r e d ic t i o n s  w ith  a high le v e l  of co n f id e n c e ,  but 
the  Y o r k s h i r e  O u se  and Hull R iv e r  A u tl io r i ty  
(1969) have  g e n e r a te d  flow d u r a t io n  c u r v e s  fo r  
the p r o b a b le  one in ten y e a r  and one in f if ty  y e a r  
d ro u g h t  co n d i t io n s  (F ig .  15).
The c o r r e l a t i o n  of flow s in  the Hull at  
H e m p h o lm e  L ock  (II) w ith  th o se  s im u l ta n e o u s ly  
r e c o r d e d  a t  the t r i b u t a r y  gauging  s t a t io n s  (W 
and F) i s  a l s o  r e q u i r e d  in  the  d e s ig n  of c e r t a i n  
t>'pes of d e v e lo p m e n t  s c h e m e  and i s  of g e n e r a l  
h y d r o lo g ic a l  i n t e r e s t .  S im p le  and p a r t i a l  l i n e a r  
r e g r e s s i o n  a n a ly s e s  w e r e  im p le m e n te d  in  the
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Fig. 15. E s t i m a t i o n  of  p e r i o d s  of  flow a u g m e n ta t io n  f r o m  a c tu a l ,  p r e d i c t e d  and  c o r r e l a t e d  
flow d u r a t i o n  c u r v e s  f o r  th e  Hull R i v e r  S y s te m
computer u s in g  the  d a i ly  f low r e c o r d s  f o r  the  
cigM-year p e r io d  19G2/70 and  the  c o m p u t e r  
grapliic outpu ts  a r e  s h o w n  in  F ig .  1G. O n ly  th o s e  
records with H<2.8:1 c u m e c  (100 c u s e c )  w e r e  
used since, fo r  th e  p r e s e n t  put*i)Ose, i n t e r e s t  i s  
restricted to r e l a t i v e l y  low r iv e r f l o w s .  F o r  
higher values  of 11, f a c t o r s  o t h e r  th a n  the  
tributary flows, s u c h  a s  s u r f a c e  r u n - o f f  f r o m  the  
lower lying d r i f t  c o v e r e d  a r e a s ,  a r e  l ik e ly  to  
become in c r e a s in g ly  s ig n i f i c a n t .  In a l l  of the 
analyses the d e g r e e  of c o r r e l a t i o n ,  a s  i n d i c a t e d  
by the sim ple o r  m u l t i p l e  c o r r e l a t i o n  c o e f f i c ie n t ,  
is highly s ig n i f ic a n t  a l th o u g h  th e  r e g r e s s i o n  
lino appears to h av e  b e e n  d i s t o r t e d  s o m e w h a t  
by the m anner in w h ich  II w a s  l i m i t e d .  M o r e o v e r  
^'ton-linear r e l a t i o n s h i p  i s  p r o b a b l y  m o r e  
appropriate fo r  s m a l l  v a l u e s  of W, s i n c e  i t  i s
b e l ie v e d  th a t  w hen  W = 0, H w ould  be  l e s s  than
0 .14  c u m e c  (5 c u s e c ) .  An in d ic a t io n  of the  
s p r e a d  i s  g iv e n  by the  95 p e r  c e n t  c o n f id e n c e  
l i m i t s  on the  a s s u m p t io n  th a t  t h e s e  a r e  d e f in e d  
by tw ic e  the s t a n d a r d  e r r o r  of e s t i m a t e .  T h i s  
p r o v e s  to be  r a t h e r  l a r g e  and a p p e a r s  to be 
c o n s e r v a t i v e  f o r  the  s m a l l e r  v a l u e s  of  H and W.
It i s  a l s o  e v id e n t  (F ig .  16) th a t  t h e r e  a r e  
s o m e  o c c a s io n s  w hen  H<W and m a n y  i n s t a n c e s  
w hen  IKVV + F .  On f u r t h e r  i n v e s t ig a t io n  i t  w as  
found th a t  in  the  e n t i r e  d a i ly  flow r e c o r d  f o r  
the  w a t e r  y e a r s  1 9 6 2 /7 0 ,  the  l a t t e r  co n d i t io n  
o c c u r r e d  15.8 p e r  c e n t  of the  t im e  and m o r e  
than  t h r e e - q u a r t e r s  of th e s e  o c c u r r e n c e s  w e r e  
f o r  H<2.83 c u m e c  (100 c u s e c ) ,  th a t  i s ,  r e l a t iv e ly  
low flow c o n d i t io n s .  T h i s  i s  s u r p r i s i n g  s in c e
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re are so m e  s ig n i f i c a n t  in f lo w s  to the H iv e r  
Hull above H and below  W and  F . (T he  l a r g e s t  
s Driffield C a n a l ,  w h ich  in c lu d e s  N a f f e r to n  
Beck but only l im i t e d  s p o t - f lo w  d e t e r m i n a t i o n s  
re available sh o w in g  a v a r i a t i o n  of flow at 
Snakeholme Lock f r o m  Ü.25 to 1.50 c u m e c  
during 1 9 6 0 /0 8 ) .  It m a y  im p ly  a s i g n i f i c a n t
gauging e r r o r  at e i t h e r  H o r  W a n d / o r  s u b s t a n t i a l
bed and bank l o s s e s ,  p e r h a p s  to the  B e v e r l e y -  
Barmston D rain ; s o m e  s i g n s  of in f lu e n t  c o n d i t io n  
of the Hull w ere  no ted  by G r a y  (1952). It i s  
thought unlikely tha t  s u c h  a c o n d i t io n  c o u ld  p r e v a i l  
in the a r te s ian  a r e a  of the  u n d e r ly i n g  C h a lk  
aquifer except in s p e c i a l i s e d  c i r c u m s t a n c e s  l ik e  
those of a r t i f ic ia l  i n t e r f e r e n c e  f o r  la n d  d r a i n a g e  
purposes.
f;/fo('iVDHM7v-:/( c u f M i s r n y
To perm it e x a m in a t io n  of the  h y d r o c h e m i s t r y  
of the groundw ater  c y c le  and to id e n t i f y  any 
potential g ro u n d w a te r  q u a l i ty  p r o b l e m s ,  p u m p e d  
samples were c o l l e c t e d  f o r  c h e m i c a l  a n a l y s e s  
in October 1970 f ro m  w a t e r  s u p p ly  w e l l s  and 
springs along a t r a n s e c t  f r o m  the  C h a lk  
escarpment a c r o s s  the  W o ld s  in to  the  H ull  V a l le y  
(Fig. 17). Some s u p p l e m e n t a r y  a n a l y s e s  w e r e  
abstracted f rom  the I n s t i t u t e ’s  r e c o r d s ,  a l th o u g h  
their reliability and u s e f u l n e s s  a r e  v a r i a b l e  
because of the d i f f e r e n t  l a b o r a t o r i e s  and v a r i o u s  
pui-poses con c e rn ed .  .A c o m p r e h e n s i v e  s a m p l in g  
survey was not p o s s i b l e  b e c a u s e  of the  s p a r s e n e s s  
of pumping b o r e h o le s  and  d i s u s e d  w e l l s  a c c e s s i b l e  
(ordepth sam pling  o v e r  c o n s i d e r a b l e  a r e a s  of 
the catchment. 1 l y d r o g e o c h e n i i c a l  s t u d i e s  m a y  
also prove of use  in the  d e t a i l e d  in v e s t ig a t io n  
of local g roundw ate r  p r o b l e m s ;  in th i s  a r e a ,  a s  
has been m entioned , they  h a v e  b e e n  e m p lo y e d  
to confirm the o r ig in  o f  the  b a s e f lo w  in  c e r t a i n  
land-drainage c h a n n e l s .
The October 1970 s a m p l e s  w e r e  a n a ly s e d  f o r  
total dissolved s o l id s  (TI).S) and  th e  m a j o r  io n s  
together with p o ta s s iu m  (K^),  s t r o n t i u m  (Sr-'*') 
and fluoride ( F - ) ; no f ie ld  m e a s u r e m e n t s  s u c h  
as conductivity, pH, F h  and  d i s s o l v e d  g a s s e s  
*ere made. The r e s u l t s  a r e  p r e s e n t e d  in  two 
forms (Fig, 17), a g r a p h  of a b s o l u t e  c o n c e n t r a t i o n s  
2nd a trilinear d i a g r a m  in p r o p o r t i o n s  of 
équivalents.
h appears that a l l  C h a lk  g r o u n d w a t e r s  f r o m  
(heoutcrop a re a  a r e  e s s e n t i a l l y  s i m i l a r  in  
chemistry; hard  C a ^ '^ /H C t )3 '  w a t e r s  p r e d o m i n a t e  
*ithcarbonate s a t u r a t i o n  and I DS in  the  r a n g e  
30 to 375 tng/1. M in o r  h y d r o c h e m i c a l  v a r i a t i o n s  
in the Ford on a n t ic l in e  ( s a m p l e s  2 and  3 in  F ig .
I uppear to re f le c t  the  p r e s e n c e  of J u r a s s i c  
'“cks at shallow d ep th s .
^^ Some im portant r e a c t i o n s  a s s o c i a t e d  w ith  
changes in the h y d r o c h e m i c a l  e n v i r o n m e n t
o c c u r  down -d ip  in  the  C h a lk  a q u i f e r  u n d e r n e a t h  
the  d r i f t  c o v e r ,  l a r g e l y  a s  a r e s u l t  of the  g r e a t l y  
r e d u c e d  g r o u n d w a te r  c i r c u l a t i o n  and  the  i s o l a t i o n  
of the  s y s t e m  f r o m  the a t m o s p h e r e .  F r o m  
s tu d i e s  by In e so n  and D ow ning  (1963) and E d m u n d s  
(1973) one would  e x p e c t  the  d i s a p p e a r a n c e  of 
d i s s o lv e d  oxygen  and a s h a r p  f a l l  in  r e d o x  
p o te n t i a l  (Eh), b a s e  e x c h a n g e  (Na+ f o r  C a^+j 
w ith  m i n e r a l s  of the  a r g i l l a c e o u s  c o n f in in g  bed ,  
and beyond  th is  a pH r i s e  and m ix in g  w ith  o l d e r  
f o r m a t io n  o r  c o n n a te  w a te r .  In E a s t  Y o r k s h i r e  
a l l  of th e s e  c h a n g e s  p r o b a b ly  o c c u r  bu t  o v e r  a 
s h o r t  d i s t a n c e  and w ith in  10 k m  d o w n -d ip  (in 
F ig .  17 they  c o m m e n c e  a t  the lo c a t io n  of s a m p l e  
9 and a r e  c o m p le t e  at and p r o b a b ly  w e l l  b e f o r e  
s a m p le  10). T h e  d i s t r i b u t i o n  of the h y d r o ­
c h e m i c a l  c h a n g e s  p r e s u m a b l y  r e f l e c t s  the 
a l m o s t  to ta l  a b s e n c e  of o u t l e t s  d o w n -d ip .  
A s s o c i a t e d  c h a n g e s  a r e  s u lp h a te  (SO^ ’ ) 
r e d u c t io n ,  the  g e n e r a t io n  of (H2S), i n c r e a s e d  
i r o n  w ith  the  o n s e t  of r e d u c in g  c o n d i t io n s  and 
the  r e p l a c e m e n t  of Fe^"*" by the  m o r e  s o lu b le  
F e ^ ^ ,  d e c r e a s e  in C a ^ ^  and m a j o r  i n c r e a s e s  
in Na"^ and C l" .
C o n s i d e r i n g  p o te n t ia l  g r o u n d w a te r  q u a l i ty  
p r o b l e m s  in d e v e lo p m e n t  s c h e m e s ,  t h e r e  i s  no 
e v id e n c e  to s u g g e s t  the e x i s t e n c e  of m o b i le  h igh ly  
s a l i n e  w a t e r s  a t  d ep th  in  the C h a lk  of the o u tc r o p  
a r e a  and no r e a s o n  to s u s p e c t  tha t  h ea v y  s e a s o n a l  
o v e r p u m p in g  would le a d  to co n in g  up of g r o u n d ­
w a te r  of u n a c c e p ta b le  q u a l i ty  f r o m  d e p th .
In the o u tc ro p  a r e a  the  on ly  p o te n t i a l  c h e m ic a l  
p r o b l e m s  c o m e  in to  th e  c a t e g o r y  of p o l lu t io n .
In r e c e n t  y e a r s  t i i e r e  h a s  a p p a r e n t ly  bee n  a 
c o n s i d e r a b l e  i n c r e a s e  in the  c o n c e n t r a t i o n  of 
n i t r a t e  in C ha lk  w a t e r  s u p p l i e s  a t  a n u m b e r  of 
w id e ly  d i s p e r s e d  lo c a t i o n s ,  a s  a r e s u l t  of c h a n g e s  
in a g r i c u l t u r a l  p r a c t i c e  ( F o s t e r  and C r e a s e ,
1974). L e v e l s  of N O 3 -N h ave  on o c c a s io n s  
a l r e a d y  e x c e e d e d  the  l o w e r  WHO r e c o m m e n d e d  
l i m i t  (11 .3  mg/T) and th is  could  u l t i m a t e ly  p r o v e  
a r e g io n a l  p r o b le m .  U se  of C h a lk  g r o u n d w a te r  
f o r  r i v e r  a u g m e n ta t io n  h o w e v e r  i s  no t in  i t s e l f  
l ik e ly  to w o r s e n  th i s  s i t u a t io n  s in c e  the  
f e r t i l i s a t i o n  of w e e d s  a l r e a d y  r e s u l t s  in  s u b ­
s t a n t i a l  n i t r a t e  r e m o v a l  in  the  c h a n n e l  of the H ull 
b e tw e e n  i t s  s o u r c e s  and the T o p h i l l  Low in ta k e s .
T he  C h a lk  a q u i f e r  i s  \o i ln e ra b le  to p o l lu t io n  
a s  a r e s u l t  of the t ip p in g  of w a s t e s ,  p a r t i c u l a r l y  
w h e r e  th e s e  a r e  d e p o s i te d  in  q u a r r i e s  a t  o r  
n e a r  to the w a te r  ta b le .  N a tu r a l  g r o u n d w a te r  
flow r a t e s  in  the s a t u r a t e d  zone  have  bee n  show n  
to be f a i r l y  h igh ,  and could  r e a c h  200 m / d a y ,  
and  th u s  s u c h  p o l lu t io n  could  s p r e a d  q u i te  r a p id ly  
o v e r  l a r g e  a r e a s .
Any d e v e lo p m e n t  in  the  co n f in e d  zone  of the  
a q u i f e r ,  p a r t i c u l a r l y  d o w n s t r e a m  of the  m a in
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17. C r o s s - s e c t i o n  an d  t r i l i n e a r  d i a g r a m  i l l u s t r a t i n g  th e  g r o u n d w a te r  c h e m i s t r y  of 1 
C h a lk  a q u i f e r  in E a s t  Y o r k s h i r e
5 0
area of n a tu ra l  g r o u n d w a t e r  d i s c h a r g e ,  cou ld  
encounter s ig n i f i c a n t  h y d r o c h e m i c a l  p r o b l e m s  
Firstly the f ro n t  of the  s a l i n e  C h a l k  g r o u n d w a te r  
of Holderness (F ig .  17) co u ld  m i g r a t e  in  r e s p o n s e  
to heavy a b s t r a c t i o n  a n d  s e c o n d ly  th e  r e d u c in g  
conditions in s i tu  c o u ld  l e a d  to  s u c h  p r o b l e m s  
as the c o r r o s i o n  and  d e p o s i t i o n  of  i r o n  and  the  
production of i r o n - r i c h  w a te r .
Schemes of D ev e lo p m en t
g e n e r a l  C O N S I D E R A  T / O N S  
The ce n tra l  p r o b l e m  i s  to  o b ta in  the  r e q u i r e d  
river augm enta tion  f o r  th e  m i n i m u m  c o s t  a f t e r  
taking account of s id e  e f f e c t s ,  s u c h  a s  th o s e  on 
existing w a te r  u s e r s  and  w a t e r - b a s e d  a m e n i t i e s .  
The cost of g r o u n d w a te r  s u p p l i e s  i s  r e l a t i v e l y  
very low, but i n c r e a s e s  f o r  the  type  of d e v e l o p ­
ment scheme r e q u i r e d ,  a s  a r e s u l t  o f  d i s t a n c e  
between the s o u r c e  and  the  c o n s u m e r  and  of 
designing to avo id  u n d e s i r a b l e  e n v i r o n m e n t a l
i n t e r f e r e n c e s .  C o s t in g  of s c h e m e s  i s  o u ts id e  
th e  s c o p e  of th i s  r e p o r t  b u t  a m o n g  the  m o s t  
i m p o r t a n t  c a p i t a l  and ru n n in g  c o s t  d i f f e r e n c e s  
b e tw e e n  v a r i o u s  s c h e m e s  w i l l  be  p ip e l in e  le n g th ,  
t o g e t h e r  w ith  the  n u m b e r  of b o r e h o l e s  and 
i n s t a l l e d  p u m p  c a p a c i ty  to p r o v id e  the  r e q u i r e d  
y ie ld .
An im p l i c a t io n  of the  h y d r a u l i c  u n i ty  of the  
C h a lk  g r o u n d w a te r  r e s e r v o i r  o v e r  l a r g e  a r e a s  
i s  th a t  the e f f e c t  of a b s t r a c t i o n  f r o m  g r o u n d w a te r  
s t o r a g e  at one lo c a t io n  w i l l  in  t im e  s p r e a d  
th r o u g h o u t  the  a q u i f e r ;  the  p r e c i s e  m a n n e r  of 
p r o p a g a t io n  of the  i n t e r f e r e n c e  e f f e c t s  d e p e n d in g  
on the  h y d r a u l i c  p r o p e r t i e s  and n a t u r a l  flow 
c o n d i t io n s .  In p a r t i c u l a r  the  r a t e  of n a t u r a l  
d i s c h a r g e  a t  the  s p r in g h e a d s  w i l l  a t  s o m e  s t a g e  
and to  s o m e  d e g r e e  be  i n t e r c e p t e d  and bed  l o s s  
r e c i r c u l a t i o n  f r o m  the  s u r f a c e  w a t e r  c o u r s e s  
m a y  be in d u c e d ,  c a u s in g  a d d i t io n a l  d e p le t i o n  of 
r iv e r f lo w .  If  b o th  t h e s e  ty p e s  of i n t e r f e r e n c e  
c a n n o t  be  s u b s t a n t i a l l y  d e la y e d  by s t r a t e g i c
200-1
2 0
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150H
115 M l/d
£E lOOH
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0 5
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river flow  au g m en ta tio n  (Ml)
18. E s t i m a t i o n  of g r o u n d w a t e r  s t o r a g e  d e m a n d s  to m e e t  r e g u la t e d  flow d e f ic i t s
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ting of the a b s t r a c t i o n  p o in t s ,  o r  d e s ig n e d  f o r  
iJsome o th e r  way. the  e f f e c t iv e  y ie ld  of the  
cheme will be c o r r e s p o n d i n g l y  r e d u c e d .  The 
 ^ rcentage in t e r c e p t io n  and  r e c i r c u l a t i o n  w il l  be 
the m easure of e f f i c i e n c y ,  w h ich  in  n e a r l y  a l l  
cases will d e c r e a s e  w ith  o p e r a t i n g  t im e  ( In e so n .  
1970); it will u l t i m a t e l y  d e t e r m i n e  how m a n y  
abstraction b o r e h o le s  w i l l  be r e q u i r e d  to  p r o v id e  
a given net y ie ld .  T h e r e  a r e  c o n d i t io n s  in w hich  
perception a n d / o r  r e c i r c u l a t i o n  cou ld  be  so  
great as to r e s u l t  in l i t t l e  n e t  a u g m e n ta t io n  of 
riverflow and to m a k e  a u g m e n ta t io n  i m p r a c t i c a l  
o r  uneconomic. U n d e r  s u c h  c i r c u m s t a n c e s  the  
required y ie ld  cou ld  o n ly  be s u p p l i e d  d i r e c t l y  by 
pipeline. T r e a t m e n t  c o s t s  f o r  d i r e c t  su p p ly  
schemes would be  s m a l l e r  b u t  the  m a in t e n a n c e  
o f  compensation s t r e a m  flow  f r o m  b o r e h o le  
pumpage would p r e s e n t  p r o b l e m s  e x c e p t  o v e r  the 
lower reaches  of the  s u r f a c e  w a t e r  c o u r s e s .
From the po in t  of v iew  of c o n s e r v a t i o n  h o w e v e r ,  
it is worth noting th a t  s u c c e s s f u l  s c h e m e s  f o r  
river regulation u s in g  g r o u n d w a t e r  s t o r a g e  
involve m in im al e n v i r o n m e n t a l  d i s r u p t i o n  b e c a u s e  
almost the e n t i r e  w o r k s  c a n  be s u b s u r f a c e .
The increase of low flow  i s  a l s o  in  the  i n t e r e s t  of 
all river u s e r s .  G iven  s c h e m e s  c o u ld  in v o lv e  
the drying up of s o m e  s p r i n g h e a d s  and the  
uppermost r e a c h e s  of a s s o c i a t e d  s t r e a m s  ( u n le s s  
stream bed se a l in g  w e r e  f e a s i b l e ) ;  th i s  s id e  
effect has to be e v a lu a te d .  C e r t a i n  s c h e m e s  
could improve the  d r a i n a g e  of the  l o w e r  ly in g  
land in parts  of the H ull V a l l e y  b u t  th e  d e c r e a s e  
in peak flows, r e s u l t i n g  f r o m  the  l e v e l  of 
regulation en v isag e d  in i t i a l l y ,  w ou ld  no t be 
sufficient to r e d u c e  the  r i s k  of s u r f a c e  f lo o d in g  
from the Hull.
The possible m e th o d s  of d e v e lo p m e n t  of 
groundwater s to r a g e  f o r  r i v e r  a u g m e n ta t io n  
can be divided in to  two t>q?es.
1 Direct reg u la t io n  of the  d i s c h a r g e  a t  s e l e c t e d  
springheads, avo id ing  a s  f a r  a s  p o s s i b l e  
interference with n a t u r a l  d i s c h a r g e  in  o t h e r  
parts of the a q u i f e r ' s  a r t e s i a n  zo n e .
'  River augm en ta t ion  f r o m  g r o u n d w a t e r  
storage in a re a s  r e m o t e  f r o m  the  z o n e  of  n a t u r a l  
aquifer d ischarge.
In both cases th e re  a r e  m a n y  p o s s i b l e  l o c a t i o n s  
and distributions fo r  the a b s t r a c t i o n  b o r e h o l e s .
OI'FR.l T l O X A l .  E H  O H L E M S  
The flow d u ra t io n  c u r v e s  (F ig .  14) f o r  the  
ig ^^^^^^^'^'pholme L o c k  show  th a t ,  d u r in g  
'/'O, schem es d e s ig n e d  to  p r e v e n t  r i v e r f l o w  
''ont falling below 115 Ml d w ould  be  r e q u i r e d  
about 12 p e r  c e n t  of th e  t im e
p e r  y e a r ) ,  i \*p ica lly  c o m m e n c in g  
*'^^gast. Som e y e a r s  th e y  w ould  no t be  
[ ,ow flow d u r a t i o n  c u r v e s ,  
ated from the W a n s f o r d  B r i d g e  g au g e  f o r
the  l o n g e r  p e r io d  19 5 3 /7 0  (F ig .  15) s u g g e s t  
th a t  th is  f i g u r e  m ig h t  be  on th e  low s id e  but in  
any  c a s e  the  a v e r a g e  o p e r a t i n g  p e r i o d  i s  m o s t  
u n l ik e ly  to e x c e e d  80 d a y s  p e r  y e a r .
T he a v e r a g e  c o n d i t io n  h o w e v e r  d o e s  not 
i l l u s t r a t e  the  n a t u r e  of the  p r i n c i p a l  o p e r a t in g  
p r o b l e m  th a t  w il l  be p r e s e n t e d  to an y  r i v e r  
r e g u la t io n  s c h e m e ,  n a m e ly ,  th e  s t r i k i n g  
d i f f e r e n c e  in  c o n d i t io n s  in  the  d r i e s t  y e a r s  and 
s u c c e s s i v e  d r y  y e a r s  (F ig .  18). F o r  e x a m p le ,  
d u r in g  the  w o r s t  d r o u g h t  of the  l a s t  d e c a d e ,  the 
Hull would h ave  r e q u i r e d  a u g m e n ta t io n  c o n t in u a l ly  
f r o m  m id - A u g u s t  1964 to l a te  M a r c h  1965 (a p e r io d  
of 225 d ay s )  to m a in t a in  a flow of 115 M l / d  a t  
H e m p h o lm e  L o c k ;  th e  m e a n  d a i ly  d i s c h a r g e  o v e r  
the  w a t e r  y e a r  1 9 6 4 /6 5  w a s  on ly  e q u iv a le n t  to 
j u s t  o v e r  100 M l/d .
T h e  q u e s t io n  of w h a t  sh o u ld  b e t a k e n  a s  th e  
w o r s t  d e s ig n - d r o u g h t  a r i s e s .  S y n th e t ic  one in 
te n  y e a r  and one in f if ty  y e a r  d r o u g h t  flow 
d u r a t i o n  c u r v e s  a r e  a v a i l a b le  f o r  W e s t  B e c k  
( Y o r k s h i r e  O u se  and Hull R i v e r  A u th o r i ty ,  1969). 
F r o m  th e s e  the  c o m p a r a b l e  c u r v e s  f o r  the  H ull 
at  H e m p h o lm e  L o c k  h av e  b e e n  t e n t a t i v e l y  
g e n e r a t e d  by c o r r e l a t i o n  (F ig .  15); t h e r e  i s  h o w ­
e v e r  a r i s k  of s p u r io u s  i n t e r a c t i o n  b e tw e e n  the  
im p l i c i t  p r o b a b i l i t y  of the o r ig in a l  d a t a  and  the  
im p l i e d  p r o b a b i l i t y  of the c o r r e l a t i o n .  W hen 
c o m p a r e d  w ith  the  r e c o r d e d  d a t a  of 1 9 6 4 /6 5  the  
s i m i l a r i t y  of the  r e q u i r e d  flow a u g m e n ta t io n  
p e r i o d  to th a t  in a one in  f i f ty  y e a r  d r o u g h t  i s ,  
h o w e v e r ,  to be  no ted .
T he  a c c u r a c y  of the e s t i m a t e  of the  l o n g e s t  
p e r i o d  of r e q u i r e d  a u g m e n ta t io n  i s  not c r i t i c a l ,  
b e c a u s e  of the  b e h a v io u r  of the  t im e  of p u m p in g  
p a r a m e t e r  (t) in  the la w s  of r a d i a l  g r o u n d w a te r  
flow and s p r e a d  of i n t e r f e r e n c e  e f f e c t s  (F ig .  19). 
H o w e v e r  f o r  a s u s t a in e d  flow of 115 Ml, d, i t  i s  
c l e a r l y  n e c e s s a r y  to  c o n s i d e r  th e  d e g r e e  of 
in t e r c e p t io n  and r e c i r c u l a t i o n  o c c u r r i n g  a f t e r  a 
p u m p in g  p e r io d  of 200 to 300 d a y s .  If the  n e t  
y ie ld  i s  no t to f a l l - o f f  u n d e r  s u c h  s e v e r e  
co n d i t io n s  it  w il l  be n e c e s s a r y  to  p r o v id e  a 
c o r r e s p o n d i n g  r e s e r v e  of g r o u n d w a te r  p r o d u c t i o n  
c a p a c i ty ,  b o r e h o l e s  and p u m p s .
T he  v o l u m e t r i c  i n c r e a s e  of d e m a n d  on 
g r o u n d w a te r  s t o r a g e  f o r  a u g m e n ta t io n  in  d r y  
y e a r s  i s  a l s o  v e r y  m a r k e d  (F ig .  18), but b e a r i n g  
in  m in d  th a t  a c o n s e r v a t i v e  e s t i m a t e  of the  to ta l  
s t o r a g e  in  the H u l l - H e m p h o lm e  c a t c h m e n t  at 
e x t r e m e  d r o u g h t  i s  abou t  40 000 Ml, t h e r e  a p p e a r s  
to be a m p le  s t o r a g e  a v a i l a b le  f o r  a u g m e n t in g  
f low s to a l e v e l  of a t  l e a s t  115 M l /d  (1.3 c u m e c ) .
In p r a c t i c e  no t  a l l  of th e  p u m p in g  c a p a c i ty  of a 
s c h e m e  would  be n e e d e d  i m m e d ia t e ly  a f t e r  the 
flow in  the  H ull  a t  H e m p h o lm e  L o c k  d r o p p e d  
below  115 .Ml/d. S u c c e s s iv e  g r o u p s  of b o r e h o le s
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Id be sw i tc h e d  in to  p r o d u c t i o n  a s  the  d r o u g h t  
developed, r e d u c in g  c o n s i d e r a b l y  th e  to ta l  t im e  
f and in t e r f e r e n c e  d ue  to , p u m p in g  a t  the  
°iaxinium ra le .  C o u n t e r a c t i n g  th i s  w il l  be  the  
effect of d e v e lo p m e n t ,  w h ich  i t s e l f  w il l  tend  to 
delay som ew hat the  s u b s e q u e n t  r i s i n g  l im b  of the 
riverflow h y d r o g ra p h  w hen  r e c h a r g e  o c c u r s .  
Incidents of m i s t i m i n g  of p u m p in g  m a y  a l s o  be
un av o id ab le .
The in t e r m i t t e n t  n a t u r e  of the  p u m p in g  m e a n s  
that m aintenance c a n  be u n d e r t a k e n  d u r in g  t i m e s  
when the s c h e m e  i s  n o t  r e q u i r e d  to o p e r a t e .  
Stand-by b o r e h o le s  a s  s u c h  a r e  n o t  t h e r e f o r e  
required al though p r o v i s i o n  of s t a n d - b y  p u m p s  
would be d e s i r a b l e .
i m C T  I Œ C . V L A T I O S  O t  D I S C I  I A  H U E  A T
S F U C T E l ) S m . \ ( . H E A D S  
One p o ss ib le  m e th o d  of d e v e lo p m e n t  in v o lv e s  
the total r e g u la t io n  of th e  low flow d i s c h a r g e s  
to the River  Hull a t  s e l e c t e d  s p r i n g h e a d s .  The 
close as so c ia t io n  of th e  zo n e  of h ig h e s t  a q u i f e r  
transmissibility and  th e  a r e a s  of  m a j o r  s p r i :  g -  
flow has a l r e a d y  b e e n  m e n t io n e d  an d  i s  
illustrated in F ig .  21). It s h o u ld  be r e l a t i v e l y  
simple to s i te  g r o u p s  of  h igh  y i e ld in g  b o r e h o l e s  
in this zone. P u m p in g  i n t e r f e r e n c e  w ith  the  
natural d i s c h a r g e  of th e  n e a r e s t  g ro u p  of s p r i n g s  
would not be d e la y e d  f o r  m o r e  th a n  a few d a y s  
and so it would be n e c e s s a r y  to p u m p  a l m o s t  the  
entire sp r ing  d i s c h a r g e  p lu s  the  n e t  i n c r e m e n t  
above natural r iv e r f lo w  r e q u i r e d .
Correlations b e tw e e n  the  flow of the  H ull a t  
Hempholme Lock  and the  d i s c h a r g e  of the  
selected sp r in g h ea d  a r e a  a r e  n e c e s s a r y  to 
assess the to ta l  g r o u n d w a te r  p r o d u c t i o n  c a p a c i ty  
required, s ince  m u c h  of th i s  w il l  b e  d e v o te d  to 
artificially g e n e r a t in g  n a t u r a l  s p r in g f lo w .  T he  
correlation l in e s  d e v e lo p e d  by l i n e a r  r e g r e s s i o n  
between the flow of the  H ull  a t  H e m p h o lm e  L o ck  
(H) and its p r in c ip a l  t r i b u t a r i e s  (F ig .  16) a r e  
examples of the type  of a n a l y s i s  r e q u i r e d  in 
this respect. W hile  th e  d e g r e e  of c o r r e l a t i o n  
is generally high, the  s p r e a d  of d a t a  s t i l l  p o s e s  
5 design p rob lem . It c a n  be  s e e n ,  f o r  e x a m p le ,  
that for H = 1.0 c u m e c  th e  c o r r e l a t e d  flow i s  
1^ = 0.14 cum ec but the  o b s e r v e d  s p r e a d  of d a t a  
shows that F can c o n t r i b u t e  0.31 c u m e c  of th is  
Hand there a p p e a r s  a 5 p e r  c e n t  p r o b a b i l i t y  
that it could c o n t r ib u te  a s  m u c h  a s  0 .57  c u m e c ,  
although the d i s t r i b u t io n  of the  d a t a  c o r r e l a t e d  
make the l a t t e r  i n t e r p r e t a t i o n  u n r e a l i s t i c .
The f irs t r e q u i r e m e n t  in  r e s p e c t  of b o r e h o le  
ocation is c lose  g ro u p in g ;  th e  id e a  b e in g  to
uce to a m in im u m  th e  i n t e r f e r e n c e  w i th  a l l  
"^tuial springflow e x c e p t  the  n e a r e s t  m a j o r
the  l a t t e r  w i l l  b e  l a r g e l y  
‘"t cially g e n e ra te d  t o g e t h e r  w ith  the  r e q u i r e d
a u g m e n ta t io n  i n c r e m e n t  d e r i v e d  f r o m  s t o r a g e  
lo c a te d  be low  l o c a l  b a s e  le v e l .
T h e  h ig h e s t  b o r e h o le  y i e ld s  w ou ld  be l ik e ly  
i m m e d i a t e l y  w e s t  and so u th  of G r e a t  D r i f f ie ld  
( t h e r e  sh o u ld  be l i t t l e  d i f f i c u l ty  in  o b ta in in g  
m o r e  than  8 M l / d  p e r  b o r e h o le  in  th i s  a r e a ) ,  
bu t  a l a r g e  w e l l f i e ld  w ou ld  be r e q u i r e d  to  g e n e r a t e  
the  n a t u r a l  s p r in g f lo w  w h ich  f r e q u e n t l y  e x c e e d s  
60 p e r  c e n t  of the  to ta l  flow a t  H e m p h o lm e  L o ck  
(F ig .  16 and  T a b l e  7). F o r  th e  l a t t e r  r e a s o n  it  
w ould  p r o b a b ly  be  a d v i s a b l e  to l o c a t e  the  
a u g m e n ta t io n  b o r e h o l e s  d i s t a n t  f r o m  th is  a r e a  
and the  m o s t  a t t r a c t i v e  p o s s i b i l i t y  w ould  a p p e a r  
to  be c l o s e  to  the F o s to n  B e c k  s p r i n g h e a d s  
b e tw e e n  H a rp  h a m  and  K i lh a m .  T h e r e  i s  good 
p r o s p e c t  th a t  h igh  y ie ld in g  b o r e h o l e s  co u ld  be 
lo c a te d  a t  c lo s e  c e n t r e s  in  th i s  a r e a  a l s o .
W hile  s o m e  a u g m e n ta t io n  f r o m  s t o r a g e  
w ould  be a c h ie v e d ,  c o n s i d e r a b l e  a p p r e h e n s io n  
ab o u t  the  d i r e c t  r e g u la t i o n  m e th o d  s t e m s  f r o m  
the  p o s s i b i l i t y  th a t  i n t e r f e r e n c e  m a y  no t be 
l im i t e d  to  the  s e l e c t e d  s p r in g h e a d .  A s a  
c o n s e q u e n c e  of the  e x c e p t io n a l ly  h ig h  C h a lk  
p e r m e a b i l i t y  in  th i s  a r e a  (F ig .  20), th e  o v e r a l l  
e f f i c i e n c y  (w hich  f r o m  the  o u t s e t  i s  low in th i s  
m e th o d )  could  f a l l  off too  r a p i d l y  b e c a u s e  of 
i n t e r f e r e n c e  a t  d i s t a n t  g r o u p s  of s p r i n g s  and 
s e e p a g e s .
A n o th e r  d i s t i n c t  d i s a d v a n t a g e  of th i s  m e th o d  
of d e v e lo p m e n t  i s  th a t  the  g r o u n d w a te r  p r o b a b ly  
co u ld  no t be  d i s c h a r g e d  in to  F o s to n  B e c k  f o r  a 
few k i l o m e t r e s  d o w n s t r e a m ,  if g r o s s  r e c i r c u ­
la t io n  by r i v e r b e d  l o s s e s  w a s  to be avo ided .  
D r y in g -u p  of c e r t a i n  l e n g th s  of the  u p p e r  r e a c h e s  
cou ld  i n t e r f e r e  to  s o m e  e x t e n t  w ith  a n g l in g  and 
o t h e r  i n t e r e s t s .  In g e n e r a l ,  g e o lo g ic a l  c o n d i t io n s  
w ould  a p p e a r  to in h ib i t  o r  r e s t r i c t  r i v e r b e d  
l o s s e s  bu t  dee p  c o n e s  of p u m p in g  d e p r e s s i o n  and 
l a r g e  d o w n w a rd  h y d r a u l i c  g r a d i e n t s  w ould  be 
in t r o d u c e d  and th is  f a c t o r  w ould  r e q u i r e  
in v e s t ig a t io n .
T h e  c o n s i d e r a b l e  n u m b e r  of a g r i c u l t u r a l  
and d o m e s t i c  s u p p l i e s  r e a d i l y  o b ta in e d  by b o r e ­
h o le s  in  th e  a r t e s i a n  a r e a  w ould  a l s o  e x p e r i e n c e  
i n t e r f e r e n c e  e f f e c t s  and s o m e  p u b l ic  su p p ly  
s o u r c e s  would  a l s o  be a f f e c te d  (F ig .  20).
F e a s i b i l i t y  s tu d i e s  w ould  be n e c e s s a r y ;  
b e c a u s e  of the  high p e r m e a b i l i t y  and known 
h e t e r o g e n e i t y  of the C h a lk  in  th is  a r e a ,  and  the 
r e s u l t i n g  s m a l l  m a g n i tu d e  of s h o r t  t e r m  
i n t e r f e r e n c e  e f f e c t s ,  th e  t r i a l  p u m p in g  t e s t s  
could  p r o b a b ly  n o t  b e  u n d e r t a k e n  f r o m  a s in g le  
p u m p in g  b o r e h o le  a lo n e .  A s u i t a b le  d e s ig n  f o r  
s u c h  a s tu d y  w ould  c o m p r i s e  t h r e e  c l o s e l y  
s p a c e d  p u m p in g  b o r e h o l e s  (w hich  m ig h t  u l t i m a t e l y  
be i n c o r p o r a t e d  in to  the  d e v e lo p m e n t  s c h e m e
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roper) with a c a r e f u l l y  s i t e d  n e tw o r k  of o b s e r v ­
ation b o reh o le s  a t  v a r y i n g  d i s t a n c e s  f r o m  the 
pumping c e n t r e ,  A s h o r t  d u r a t i o n  p u m p in g  t e s t  
Ling one of the p u m p in g  b o r e h o l e s  and  o b s e r v i n g  
only the n e a r e s t  o b s e r v a t i o n  b o r e h o l e s  co u ld  be 
used to ev a lu a te  the  a q u i f e r  p r o p e r t i e s  and 
boundaries in the i m m e d i a t e  a r e a  and the lo c a t i o n  
of the buried  c o a s t l i n e ;  t h i s  w ould  be fo l lo w ed  by 
a pumping t e s t  of l o n g e r  d u r a t i o n  w h o se  a i m s  
would include the fo l low ing .
1 The p r e d ic t io n  of i n t e r f e r e n c e  w ith  d i s t a n t
s p r i n g h e a d s .
2. The d e t e r m in a t io n  of th e  b e s t  p ip e l in e  
discharge point;  s o m e  s p e c i f i c  i n v e s t i g a t i o n  of 
the p e rm e ab i l i t ie s  of th e  d r i f t  m a t e r i a l s  in  the  
bed and banks of F o s t o n  B e c k  w ould  a l s o  be 
required in th is  c o n n e c t io n .
3. The ev a lu a t io n  of e f f e c t s  on  e x i s t i n g  u s e r s  and 
the identification of a n y  u n a n t i c i p a t e d  s id e  e f f e c t s .
Par t icu lar  a t te n t io n  s h o u ld  a l s o  be  p a id  to  the  
y i e l d -drawdown r e l a t i o n s h i p s  of th e  b o r e h o l e s  and 
the likely d e c r e a s e  in  y i e l d  w ith  f a l l in g  r e s t  
water level and w ith  i n c r e a s i n g  i n t e r f e r e n c e  
from other b o r e h o le s  of th e  g ro u p .  G e o p h y s i c a l  
borehole flow in v e s t i g a t i o n s  w ou ld  be c a l l e d  f o r ,  
to evaluate the d i s t r i b u t i o n  of p e r m e a b i l i t y  and 
storage with dep th  in  th e  C h a lk  a q u i f e r ,  a s  th i s  
would become i n c r e a s i n g l y  i m p o r t a n t  in  d e t e r ­
mining the y i e ld - d r a w d o w n  b e h a v i o u r  of in d iv id u a l  
boreholes and the  b o r e h o l e  g r o u p  w ith  i n c r e a s i n g  
time of pumping. C o n f id e n t  e x t r a p o l a t i o n  of 
borehole beh a v io u r  f r o m  the  t e s t  c o n d i t io n  to  th o s e  
of extreme d ro u g h t  w i l l  be  r e q u i r e d ,  b e c a u s e  i t  
will probably not be p o s s i b l e  to  t e s t  u n d e r  the  
latter conditions u n t i l  p i lo t  o p e r a t i o n .
HlVEli A l ’C M E S ' T A T l O X  E R O M  R E M O T E  
S T O R A O E
Direct reg u la t io n  d o e s  no t ta k e  fu l l  a d v a n ta g e  
of the natural h y d r o lo g ic a l  r e g i m e  and  the  
hydraulic c h a r a c t e r  of the  g r o u n d w a t e r  r e s e r v o i r ,  
since relatively l a r g e  g r o s s  g r o u n d w a t e r  
production would be r e q u i r e d  in  r e l a t i o n  to  the  
net yield. If the c o s t s  of l o n g e r  p i p e l i n e s  w e r e  
acceptable, a g roup  of p u m p in g  b o r e h o l e s  c o u ld  
he sited in the Wold o u tc r o p  a r e a  d i s t a n t  f r o m  
die major sp r in g h e a d s .  W hen  g r o u n d w a t e r  i s  
abstracted f rom  s t o r a g e  in  t h e s e  a r e a s  t h e r e  w i l l  
he a considerable t im e  l a g  f r o m  th e  s t a r t  o f  any  
^ven period of p u m p in g  u n t i l  the  o n s e t  of 
interception of n a t u r a l  s p r i n g  d i s c h a r g e ;  the  
'nagnitude of this t im e  la g  an d  t h e r e f o r e  the  
dfgi’ee of r e m o te n e s s  of the  p a r t  o f  the  a q u i f e r  
storage concerned w il l  be  a fu n c t io n  of the  
hydraulic p r o p e r t ie s  ( T ,S v )  of the  C h a lk  a q u i f e r .  
Principally within the  i n t e r v e n i n g  a r e a .
Some idea of the in f lu e n c e  of T  and  on the  
of a m a j o r  c o n e  of p u m p in g  
jpiession and the m a g n i tu d e  of i n t e r f e r e n c e
®^ ts at large d i s t a n c e s  f r o m  th e  c e n t r e  of
p u m p in g  c a n  be o b ta in e d  f r o m  F ig .  19. I t  w il l  be 
s e e n  th a t  the  g r e a t e r  the  T / S y  r a t i o ,  the  m o r e  
s e r i o u s  w i l l  be th e  i n t e r c e p t i o n  l o s s e s  d u r in g  
r i v e r  a u g m e n ta t io n  and e s s e n t i a l l y  the  l e s s  
r e m o t e  i s  the  g r o u n d w a t e r  s t o r a g e  in  the  o u tc ro p  
a r e a .  On the  o t h e r  h and ,  low  T  c o n d i t io n s  w il l  
r e q u i r e  m o r e  b o r e h o l e s  and  l a r g e r  d r a w d o w n s  
to  p r o d u c e  a g iv e n  y ie ld .
The c o m p u ta t io n  of i n t e r f e r e n c e  e f f e c t s  
(F ig .  19) d o e s  n o t  a l low  f o r  the  d i s t o r t i o n  of the  
co n e  of d e p r e s s i o n  w h ich  w ould  o c c u r  a s  the 
r e s u l t  of g r a d u a l  v a r i a t i o n s  in  a q u i f e r  p r o p e r t i e s  
and  the  e x i s t e n c e  of n a t u r a l  a q u i f e r  th ro u g h f lo w .
In p r a c t i c e  th e  co n e  of p u m p in g  d e p r e s s i o n  w i l l  
ex p a n d  l a t e r a l l y  to i n t e r c e p t  a g r a d u a l ly  
i n c r e a s i n g  p r o p o r t i o n  of the  th ro u g h f lo w  and the  
a m o u n t  d r a w n  f r o m  s t o r a g e  w i l l  be c o r r e s p o n d i n g l y  
r e d u c e d ,  though  th is  r e d u c t io n  w i l l  be l i m i t e d  
f o r  v e r y  h igh  r a t e s  of a b s t r a c t i o n  u n d e r  d r o u g h t  
th ro u g h f lo w s .
A s  h a s  b e e n  d i s c u s s e d  t h e r e  i s  good p r o s p e c t ,  
th r o u g h o u t  the d i p - s l o p e  o u tc r o p  a r e a ,  of l a r g e  
d i a m e t e r  b o r e h o l e s  y ie ld in g  50 1 /s  (4 .3  M l/d )  a t 
s p e c i f i c  c a p a c i t i e s  g r e a t e r  th a n  2 .5  1 / s  p e r  m e t r e  
d ra w d o w n  u n d e r  low s a t u r a t i o n  c o n d i t io n s .  T he  
c h o ic e  of l o c a t i o n  of g r o u p s  of b o r e h o l e s  w i l l  be  
m a in ly  one of d i s t a n c e  f r o m  the  m a j o r  s p r i n g ­
h e a d s  (F ig .  20) and the  e x t e n t  to w h ich  i n c r e a s i n g  
p ip e l in e  le n g th  i s  j u s t i f i e d  by r e d u c t io n  in  
i n t e r c e p t i o n  l o s s e s .  C l e a r l y  the  m o s t  h ig h ly  
p e r m e a b l e  a r e a ,  th e  We tw an g  E m b a y m e n t ,  i s  to 
be  av o id ed .  T h e  c h o ic e  of d i s t r i b u t i o n  of  
in d iv id u a l  b o r e h o le s  w ith in  a g ro u p  i s  e s s e n t i a l l y  
th a t  b e tw e e n  th e  e x p lo i ta t io n  of s h a l lo w  s t o r a g e  
o v e r  l a r g e  a r e a s  o r  d e e p e r  s t o r a g e  o v e r  l i m i t e d  
a r e a s .  I X s p e r s a l  w ould  l e a d  to g r e a t e r  p ip e l in e  
r e q u i r e m e n t s  and w ould  be  a  l e s s  e f f i c i e n t  u s e  
of the  l o c a l  r e s o u r c e s ,  bu t  the  p o s s i b l e  r e d u c t io n  
in  b o r e h o le  p e r f o r m a n c e  w hen  s t a n d in g  w a t e r  
l e v e l s  a r e  s u b s t a n t i a l l y  d e p r e s s e d  m a y  p r o v e  a 
l i m i t a t i o n  in  the  l a t t e r  c a s e .  T h e r e  a r e  v e r y  
few l i c e n s e d  g r o u n d w a te r  a b s t r a c t o r s  th ro u g h o u t  
the  a r e a  (F ig .  20) and i n t e r f e r e n c e  w ith  e x i s t i n g  
u s a g e  w ould  be n e g l ig ib le .
S e v e r a l  h y d r o lo g ic a l  f a c t o r s  w i l l  be  c r i t i c a l  
to  r e m o t e  s t o r a g e  d e v e lo p m e n t .  It i s  th u s  
e s s e n t i a l  to  h a v e  a th o ro u g h  u n d e r s t a n d i n g  of the  
a q u i f e r  b e h a v io u r  in  the a p p r o p r i a t e  a r e a s ,  so  
th a t  the  i n t e r f e r e n c e  e f f e c t  a t  the  n e a z 'e s t  s p r i n g ­
h e a d s  c a n  be c o m p u te d  f o r  v a r i o u s  p e r i o d s  of 
p u m p in g  up to  s a y  300 d a y s .  T h e  v a r i a t i o n  of 
a u g m e n ta t io n  p e r io d ,  b e tw e e n  the  a v e r a g e  y e a r  
and  th o s e  of e x t r e m e  d r o u g h t ,  a l s o  w il l  p o s e  
s ig n i f i c a n t  d e s ig n  p r o b l e m s  to th i s  ty p e  of s c h e m e .
T he  a q u i f e r  s t o r a g e  p a r a m e t e r ,  S o r  Sy, 
h a s  m a j o r  s ig n i f i c a n c e  in  the  r e s p o n s e  to 
a b s t r a c t i o n  a t  d i s t a n c e s  r e m o t e  f r o m  the  c e n t r e
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o f  pumping (F ig .  ID). T h e  d i f f i c u l ty  in 
actually d e t e r m in in g  r e p r e s e n t a t i v e  s p e c i f i c  
yield v a l u e s ,  and the p r o b a b i l i t y  of s u b s t a n t i a l  
variation of t in s  p a r a m e t e r  w ith  g r o u n d w a te r  
l e v e l  f luctuations ( F o s t e r ,  1974), m e a n s  tha t  
preliminary in v e s t i g a t i o n s  m u s t  be w e ll  
planned and sh o u ld  in v o lv e  a n u m b e r  of 
independent m e th o d s .  O f e q u a l  im p o r t a n c e  
is the fact that the a m o u n t  of i n t e r f e r e n c e  
ttith 2 given s p r i n g  d i s c h a r g e  d e p e n d s  upon 
the size of the p u m p in g  i n t e r f e r e n c e  e f f e c t  
in r e la t io n  to the h ea d  in v o lv e d  in the 
s p r i n g  d isc h a rg e  p r o c e s s  i t s e l f .  T h e  h ea d  l o s s e s  
and flow re g im e  a r o u n d  g r o u p s  of m a j o r  a r t e s i a n  
springs or a long  the  l in e  of a s p r i n g - f e d  w a t e r ­
course are  not known in d e t a i l  f o r  th i s  o r  any 
com parab le  a r e a .  T h e  s u b j e c t  r e m a i n s  a 
practical r e s e a r c h  r e q u i r e m e n t  in the  c o n t e x t  
of river regu la t ion ,  in v o lv in g  s ig n i f i c a n t  
drilling, te s t ing  and  flow gaug ing .
If Etton tyj)e' c o n d i t io n s  p r e v a i l  in  the  H u l l -  
llempholme c a tc h m e n t ,  i t  a p p e a r s  th a t  tlie 
interference e f fe c t  a t  a  s p r i n g h e a d  due  to  p u m p in g  
20 Ml/d from a c e n t r e  7 .5  k m  d i s t a n t  w ould  be 
almost negligible a f t e r  a p e r i o d  of ab o u t  50 d a y s  
but would in c r e a s e  s ig n i f i c a n t ly  if  p u m p in g  w e r e  
continued to 300 d a y s  (F ig .  19). F o r  a n e t  
augmentation of 70 M l / d  i t  i s  th u s  u n l ik e ly  th a t  
substantial i n te r c e p t io n  o f  n a t u r a l  s p r i n g  d i s c h a r g e  
could be avoided in e x t r e m e  d ro u g h t .
An attractive lo c a t io n  f o r  th i s  ty p e  of d e v e l o p ­
ment would be in tiie Hud s to n - W o l d  N ew to n  a r e a ;  
it would be n e c e s s a r y  to p ip e  the  w a t e r  s o m e  5 
to It) km to the u p p e r  p a r t  of F o s to n  B e c k  and 
the aim would be to a c l i i e v e  a d e g r e e  of r e g u la t io n  
of this w ate rcourse .  S o m e  p r o p o r t i o n  of the  
yield however would f o r m  a n e t  i m p o r t a t i o n  to 
the Ilull-Hempholme c a t c h m e n t  a t  the  e x p e n s e  
of the Lower Gyqjsey R a c e ;  the  a b s t r a c t i o n  
boreholes would be l o c a te d  on th e  v e r y  v a r i a b l e  
boundary between th e s e  two c a t c h m e n t s .  In the  
long-term c o n s id e ra b le  < ]uan ti t ies  of w a t e r  (F ig .
9) flow down the L o w e r  Gyqjsey R a c e  to  the  
North Sea. E xcept f o r  i t s  a m e n i t y  v a lu e  l i t t l e  
use can be made of the w a t e r c o u r s e  b e c a u s e  of 
its intermittent flow . It a l m o s t  i n v a r i a b l y  d r i e s  
out when the s p ra y  i r r i g a t i o n  d e m a n d ,  one 
potential use, is  g r e a t e s t .  It w ou ld  p r o b a b l y  be 
feasible to provide a c o m p e n s a t io n  flow below 
Hudston from tlie b o r e h o le  n e tw o r k  to s a t i s f y  
amenity aspects.
An important c o n s id e r a t i o n  i s  the  i m p a c t  of 
nver regulation d e v e lo p m e n t  in  th i s  a r e a  on the  
®tgterm supply s i tu a t io n  a t B r i d l i n g to n ,  to the  
There is a p o te n t i a l  r i s k  of s e a  w a t e r  
%ioachment into the C h a lk  of th i s  a r e a .  T h e  
l^ f^ient licensed a b s t r a c t i o n  of the  e n t i r e  
“ndlington Block' i s  8800 M l / a  w ith  u s a g e
p r o b a b ly  n e a r e r  5000 M l / a ;  a c o n s i d e r a b l e  
p r o d u c t io n  c a p a c i ty  b e in g  h e ld  in  r e s e r v e  by the  
E a s t  Y o r k s h i r e  (W olds  A r e a )  W a t e r  B o a r d  at 
l l a i s t h o r p e .  With an a v e r a g e  lo n g  t e r m  
i n f i l t r a t i o n  to the  C h a lk  in e x c e s s  of 300 m m / a ,  
the l i c e n s e d  v o lu m e  would  a p p e a r  to r e q u i r e  a 
c a t c h m e n t  of on ly  s o m e  30 k m “ f o r  r e c h a r g e .
I X l  ' I S T K ; A  T I O N  A M )  D E I  E L O P M E \ T  E l i l L O S O P H  Y
It  w il l  be c l e a r  f r o m  the p r e c e d i n g  d i s c u s s i o n  
th a t  t h e r e  r e m a i n s  i n s u f f i c i e n t  k n o w led g e  of 
c e r t a i n  c r i t i c a l  h y d r o lo g ic a l  f a c t o r s  to  m a k e  a 
r a t i o n a l  c h o ic e  on the m e th o d  of d e v e lo p m e n t  
and lo c a t io n  of p u m p in g  b o r e h o l e s  f o r  a r i v e r  
a u g m e n ta t io n  s c h e m e .
C o n s i d e r a b l e  c o s t  and t im e  w ould  be in v o lv e d  
in  the  fu l l  i n v e s t ig a t io n  of th e s e  f a c t o r s  and a 
f le x ib le  a p p r o a c h  i s  o b v io u s ly  r e q u i r e d .  T he 
fa l lo w in g  p r o g r a m m e  of  f e a s ib i l i t y  s tu d i e s ,  w ith  
m o n i t o r i n g  a t  a r e s e a r c h  le v e l ,  cou ld  be c o n s i d e r e d  
a s  m in i m a l :
1. Two s h o r t - d u r a t i o n  s i n g l e - w e l l  p u m p in g  
t e s t s  w ith  a p p r o p r i a t e  o b s e r v a t io n  b o r e h o l e s  in  
the  W o ld s  o u tc ro p  a r e a  to a s s e s s  the  d e g r e e  of 
r e m o t e n e s s  of i t s  s t o r a g e  w ith  r e s p e c t  lo the  
p o in t s  of n a t u r a l  d i s c h a r g e .
2. An in v e s t ig a t io n  of the d i s t r i b u t i o n  of hea d  
a r o u n d  one o r  two of the  m a j o r  s p r in g s ,
3. A s h o r t - d u r a t i o n  s i n g l e - w e l l  and  l o n g e r -  
du r a t i  on m u l t i p l e - w e l l  p u m p in g  t e s t  w ith  
a p p r o p r i a t e  o b s e r v a t i o n  b o r e h o le s  in the  v ic in i ty  
of the  m a j o r  s p r in g h e a d s ,  w ith  a v iew  to 
e v a lu a t in g  the p r o b l e m s  a s s o c i a t e d  w i th  d i r e c t  
r e g u la t io n  of t h e i r  d i s c h a r g e .
4. S o m e  d i r e c t  in v e s t ig a t io n  of the  r e l a t i o n s h i p  
b e tw e e n  the  u p p e r  r e a c h e s  of the  m a in  Hull 
t r i b u t a r i e s  and th e  u n d e r ly in g  C h a lk  g r o u n d w a te r  
s y s t e m  to e v a lu a te  the  s c a l e  of r i v e r b e d  and 
bank  l o s s e s  u n d e r  p u m p in g  c o n d i t io n s .
S p e c i a l  a t te n t io n  w ould  n e e d  to be p a id  to 
the  m o r e  i m p o r t a n t  h y d r o lo g ic a l  f a c t o r s  and 
p a r a m e t e r s  w h ich  h ave  b e e n  d i s c u s s e d  in the 
r e l e v a n t  s e c t i o n s  of th is  r e p o r t  and the  f u l l e s t  
u s e  m a d e  of the i n v e s t ig a t io n  b o r e h o le s .  If the 
r e s u l t s  of 1 and  2 w e r e  s u f f i c ie n t ly  f a v o u r a b le  
t h e r e  w ould  be no nee d  to u n d e r t a k e  3 and 4 and 
s t a g e d  d e v e lo p m e n t  cou ld  follow w ith  p i lo t  
o p e r a t io n  c o m m e n c in g  at the o n s e t  of tne f i r s t  
s u f f i c ie n t ly  low flow c o n d i t io n  f o r  tlie t r i a l  to be 
a v a l id  one. S o m e  r e - d e s i g n  of the  e x i s t in g  
r i v e r - g a u g i n g  n e tw o rk  would p r o b a b ly  be r e q u i r e d  
to im p r o v e  the  m o n i t o r i n g  of the a u g m e n ta t io n  
flow th ro u g h  the  r i v e r  s y s t e m  to H e m p h o h n e  
L ock .
C O X E l M - . l )  S T O K A C E
If the  c o n f in e d  s t o r a g e  of the  C h a lk  a q u i f e r  
u n d e r ly in g  th o s e  p a r t s  of the H ull V a l le y  a d j a c e n t  
to  H e m p h o lm e  L o c k  could  be ta p p e d  e f f e c t iv e ly .
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it could be p iped  d i r e c t l y  to the  T o p h i l l  Low 
W a t e r w o r k s  to c o m p e n s a t e  f o r  any  su p p ly  d e f ic i t  
r e su ltin g  f ro m  low f low s  in the  Hull.
It is believed  tha t  the  t r a n s m i s s i b i l i t y  of the 
Chalk could be a s  m u c h  a s  an  o r d e r  of m a g n i tu d e  
lower in this a r e a  than  in  the  m a in  a r e a s  of 
groundwater  c i r c u l a t i o n .  B o r e h o l e  y i e l d s  a r e  
likely to be r e s t r i c t e d  to a m a x im u m  of 2 M l/d .  
Unfortunately the c o n f in e d  c o e f f i c i e n t  of s t o r a g e  
is still likely to c a u s e  r a p id  p r o p a g a t io n  of 
in te r fe ren ce  e f f e c t s  (F ig .  19) and t h e r e  i s  th u s  a 
distinct p o ss ib i l i ty  of s i g n i f i c a n t  i n t e r f e r e n c e  w ith  
natural spr ingf low  a t  the  f l a n k s  of the  co n f in e d  
zone.
.A factor that cou ld  r e d u c e  the  s p r e a d  of the 
cone of pumping d e p r e s s i o n  w ould  be  in d u c e d  
leakage from  the o v e r ly i n g  d r i f t  d e p o s i t s .  If 
this were p r o m o te d  it  w ou ld  be b e n e f i c i a l  in  the  
context of w a te r  r e s o u r c e s  and  p o s s i b l y  of land  
drainage. The p o s s i b i l i t y  of l e a k a g e  i s  s u f f i c ie n t  
to justify f u r th e r  in v e s t ig a t io n  if a s h o r t  t e r m  
stand-by supply of up to 10 .Ml/d w e r e  r e q u i r e d ,  
despite the u n fa v o u ra b le  r e s u l t s  of a p r e v i o u s  
borehole n ea r  A r r a m  ( G r e e n ,  1950; J o n e s ,  1955), 
There could. Iiow e v e r ,  be q u a l i ty  p r o b l e m s  
resulting from  the p r o x i m i t y  of n o n - c i r c u l a t i n g  
Chalk g roundw ate rs  w ith  h igh  to ta l  d i s s o lv e d  
solids (Fig. 17) and i r o n  c o r r o s i o n  and c lo g g in g  
problems a s s o c ia te d  w ith  t h e i r  low r e d o x  
potential (Eh).
n . T l M A  T h :  Y l l J . I )  O F  H  I E  C U . M . K  t Q I  I E E K  
The very c o n s i d e r a b l e  q u a n t i ty  of w a t e r  
(about 265 Mi/d) r e p r e s e n t e d  by th e  to ta l  long  
term average annua l  b a s e f lo w  in the  R i v e r  H ull 
at Hempholme Lock  g iv e s  an  in d ic a t io n  of the  
potential yield tha t  c o u ld  be a c l i i e v e d  f r o m  to ta l  
regulation. It i s  a l r e a d y  e v id e n t  h o w e v e r ,  th a t  
the level to wliich r i v e r  r e g u la t i o n  s c h e m e s  co u ld  
be practicably i m p l e m e n te d  w ould  be l im i t e d  by 
hydrogeological and e c o n o m ic  f a c t o r s  lo n g  b e f o r e  
a condition of to ta l  r e g u l a t i o n  w a s  a p p r o a c h e d .
Very widespi'ead i n t e r f e r e n c e  w ith  the  u p p e r  
reaches of the C ha lk  w a t e r c o u r s e s  o r ,  on the 
other hand, e x c e s s iv e  r e c i r c u l a t i o n  and  t h e r e ­
fore a very low net  y i e ld  f r o m  e a c h  b o r e h o l e  i s  
nttplied. Tlie vo lum e of g r o u n d w a t e r  s t o r a g e  
required and length  of c o n t in u o u s  p u m p in g  in 
oxtrenie drought c o n d i t io n s  to  s u s t a i n  a flow of 
say IGO Ml/d will be e v id e n t  f r o m  F ig s .  9, 15 
and 18.
In the specific p r o p o s a l s  f o r  d e v e lo p m e n t  
^rhemes, some ne t  i m p o r t a t i o n  of g r o u n d w a t e r  
the I lu l l-H em pho lm e c a t c h m e n t  w a s  s u g g e s t e d  
i oeating the b o r e h o le s  f o r  r i v e r  a u g m e n ta t io n  
Ot near the e a s t e r n  b o u n d a r y  of the g r o u n d - 
^^^^^^^tient. T he  e x t e n t  to w h ic h  th i s  
be to le rab le  w ould  d e p e n d  on the  d e g r e e
of i n t e r f e r e n c e  w ith  the  e x i s t i n g  p u b l ic  su p p ly  
b o r e h o le s  and th o s e  of o t h e r  l i c e n s e d  a b s t r a c t o r s ,  
m a in ly  in the  B r id l in g to n  a r e a .  T h e r e  i s  l i t t l e  
s c o p e  f o r  a r t i f i c i a l l y  e x p a n d in g  the  H u l l -  
H e m p h o lm e  c a t c h m e n t  a t  the  o t h e r  l a t e r a l  
b o u n d a r i e s  and the  g e o lo g ic a l  s t r u c t u r e  m a k e s  
the  g r o u n d w a te r  d r a in i n g  to the  e s c a r p m e n t  
s p r i n g s  a s m a l l  and i n a c c e s s i b l e  p a r t  of the 
to ta l  s t o r a g e  of the  a q u i f e r .
D e v e lo p m e n t  to w a r d s  the  u l t i m a t e  y ie ld  of 
the  C h a lk  a q u i f e r  and the  f u l l e s t  e x p lo i t a t io n  of 
i t s  s t o r a g e  c a p a c i ty  w ould  th u s  h a v e  to  in v o lv e  
o t h e r  m e th o d s  su c h  a s  a r t i f i c i a l  r e c h a r g e .  One 
a t t r a c t i v e  p o s s i b i l i t y  h a s  a l r e a d y  b e e n  m e n t io n e d  
in  the  c o n te x t  of the  C ha lk  to the  so u th  of the  
H e m p h o lm e  c a t c h m e n t  ( F o s t e r  and  o t h e r s ,  in  
p r e s s ) .  In t h e o r y  i t  w ould  a p p e a r  f e a s i b l e  to 
r e t u r n  e x c e s s  f lo w s  in  the  R i v e r  H u ll ,  and  
p o s s i b ly  th e  la n d  d r a in a g e  s y s t e m  of the  Hull 
V a l ley ,  a s  r e c h a r g e  to m a n y  p a r t s  of th e  C h a lk  
a q u i f e r .  Such s c h e m e s  w ould  r e q u i r e  m u c h  
m o r e  c o m p le x  t e c h n ic a l  and e c o n o m ic  s tu d i e s  
to a s s e s s  f e a s ib i l i t y  than  th o s e  r e q u i r e d  f o r  a 
r i v e r  a u g m e n ta t io n  s c h e m e  and a t  p r e s e n t  a r e  
t h e r e f o r e  l e s s  a t t r a c t i v e .
A|)|)(*iulix A: C:<)K‘ A nalysis  Results (roin 
(he Fast Y orkshire C halk  by M. J. Bird
i x r n o i H  c r i o x
T h is  ap p e n d ix  d e a l s  w ith  the  c o r e  a n a l y s i s  
of two s e t s  of s e l e c t e d  ch a lk  s a m p l e s  f r o m  E a s t  
Y o r k s h i r e .  T he  p u r p o s e  of th is  e x a m in a t io n  
w a s  tw o - fo ld ;  p r i m a r i l y  to p r o d u c e  d a ta  to a s s i s t  
in  the  h y d r o lo g ic a l  s tu d y  of the  f o r m a t i o n  and 
s e c o n d a r i l y  to d e t e r m i n e  the  e f f e c t s  of s ty l o l i t e s  
on p h y s i c a l  p r o p e r t i e s  of the  C ha lk .
D I S T R U U n i O X  A M )  P R E P A R A T i O X  O F  S A M P L E S
A to ta l  of 14 l a r g e  ch a lk  s a m p l e s  w e r e  
ta k e n  f r o m  q u a r r y  f a c e s .  T h ey  w e r e  s e l e c t e d ,  
d u r in g  a s u r v e y  of jo in t s  ( s e e  A p p en d ix  B), w ith  
the  in te n t io n  of c o v e r in g  the  r a n g e  of b r o a d ly  
s i m i l a r  l i t h o lo g ie s  s e e n  and of s ty l o l i t i c  d e v e l o p ­
m e n t .  T he  s a m p l in g  p r o g r a m m e  w a s  in  no 
s e n s e  c o m p r e h e n s i v e  in  e i t h e r  r e s p e c t .  A 
s e c o n d  s e t  of s a m p l e s  w a s  s e l e c t e d  f r o m  the  
l im i t e d  c o r e d  i n t e r v a l s  in two o b s e r v a t i o n  b o r e ­
h o le s  d r i l l e d  by the  I n s t i tu t e  (0 4 /1 4 8  and 0 4 /1 4 9  
in F ig .  3).
The 14 o u tc ro p  s a m p l e s  a r e  b e l i e v e d  to 
c o m p r i s e  e l e v e n  f r o m  the U p p e r  C h a lk ,  two 
f r o m  the  M idd le  C h a lk  and one f r o m  the  L o w e r  
Clialk . A ll  14 b o r e h o le  s a m p l e s  a r e  though t to 
be of M idd le  Cha lk .  T he  u n c e r t a i n t i e s  of 
M id d l e /U p p e r  C h a lk  s u b d iv i s io n  d i s c u s s e d  in 
the m a in  r e p o r t  h o w e v e r ,  apply .
R igh t c y l i n d e r s  of 25 m m  n o m in a l  le n g th
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P ig .  22. P r o b a b i l i t y  d i s t r i l ju t io n  of t e s t - p l u g  p e r m e a b i l i t y  and  p o r o s i t y
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d diameter w e r e  c u t  f r o m  e a c h  of the s a m p l e s  
^"thrce d i r e c t io n s ,  v e r t i c a l l y  and in two h o r i ­
zontal d irec t io n s  a t  90“ to e a c h  o th e r .  A to ta l  
of 53 plug») w e re  c u t  f r o m  o u tc r o p  s a m p l e s ,  27 
containing s ty l o l i t e s  and  20 w ith o u t;  40 p lu g s  w e r e  
c u t  from the b o r e i io le  s a m p l e s  in  the  s a m e  way, 
of which only s ix  c o n ta in e d  s ty l o l i t e s .
\,/.:77/0/XS O t  T E S T ! S C .
Permeability  t e s t s  w e r e  c a r r i e d  ou t in  a g a s  
pe rm eam e te r  ( A m e r i c a n  i ' e l r o l e u m  I n s t i t u t e ,  1956; 
Lovelock, 1970) u s in g  a i r  a s  the  t e s t  f lu id .  T he  
error in r e p r o d u c ib i l i ty  of the  r e s u l t s  i s  of the 
order of i  10 p e r  cen t .  S in c e  s o m e  of the  
permeability v a lu e s  w e r e  p a r t i c u l a r l y  low , a 
modification known a s  the  ' b u r e t t e  and  so a p  
bubble method' w a s  u s e d .  T h i s  e n a b le d  the  
m easurement of v e r y  low flow- r a t e s ,  w h ich  could  
not be de term ined  by th e  u s e  of a s t a n d a r d  
rotameter flow gauge . T h e  r e s u l t s  w e r e  c o n ­
verted into p e r m e a b i l i t y  to a  n o n - r e a c t i v e  l iq u id  
using a c o r re c t io n  fu n c t io n ,  b a s e d  on d a ta  by 
Klinkenberg (1941).
The plugs w e r e  t e s t e d  f o r  p o r o s i t y  u s in g  the  
orthodox w ate r  r e s a t u r a t i o n  m e th o d  ( A m e r i c a n  
Petroleum In s t i tu te .  1960). A c c u r a c y  in  r e p r o ­
duction of r e s u l t s  i s  1 5 p e r  c e n t  of the  o b s e r v e d  
value for plugs w ith  an e f f e c t iv e  p o r o s i t y  of l e s s  
than 0.12 in c re a s in g  to m o r e  l ik e  i  10 p e r  c e n t  
above that value.
The vert ica l  p lu g s  of bo th  o u tc r o p  and b o r e ­
hole samples w e r e  s u b j e c t e d  to c e n t r i f u g e  s p e c i f i c  
yield tests for d e t e r m i n a t i o n  of g r a v i t y  d r a i n a g e  
properties. B e fo re  s p in n in g  in the  c e n t r i f u g e ,  
the curved s u r fa c e  of e a c h  p lu g  w a s  c o a te d  w ith  
athin layer of epoxy  r e s i n  to  p r e v e n t  l a t e r a l  
drainage from i t s  s i d e s  .After  c o a t in g  the  p lu g s  
were evacuated and s . i t u r a t e d  a s  f o r  p o r o s i t y  
testing. Batches w e r e  th e n  sp u n  in  a c e n t r i f u g e  
for 2 h at a speed  s u f f i c i e n t  to e x e r t  a p r e s s u r e  
of 1/3 atm on the p o r e  w a t e r  at  the  m id - p o i n t  of 
the test plug. Tiie s e l e c t i o n  of t h i s  p a r t i c u l a r  
pressure is at p r e s e n t  a r b i t r a r y ,  b u t  i s  b a s e d  
on similar e x p e r im e n ta l  w o rk  r e l a t i n g  to a l lu v ia l  
ttiatcrials (Johnson and o t h e r s ,  1963). E a c h  p lug  
tti a batch was of abou t  the  s a m e  le n g th  and 
"oighl to ensu re  tha t  the  c e n t r i f u g e  w a s  in  
halanco. Tlie o p e r a t in g  s p e e d  of r o t a t i o n  (W in  
fad/s) Was c a lc u la ted  u s in g  th e  fo l lo w in g  
®4oaiion (Kichards and W e a v e r ,  1944).
\V2
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I*'which and rj^ a r e  ilie d i s t a n c e s  f r o m  the  
and m id-poin t of the  s a m p l e  to  th e  c e n t r e  of 
ll h^lion during sp in n in g  r e s p e c t i v e l y  and T  is  
Required tens ion  a t  the  p o in t  ry .  -After the 
^ lost period the p lu g s  w e r e  r e m o v e d  f r o m  
®centrifuge and r a p id ly  w e ig h e d  g iv in g  a ' s p u n
w e ig h t '  (S'2 ). By u s in g  d r y  w e ig h t  (M) and 
s a t u r a t e d  w e ig h t  (S j)  in  ad d i t io n  to p r o - d e t e r ­
m in e d  p o r o s i t y  v a l u e s  (0), f i g u r e s  f o r  c e n t r i f u g e  
s p e c i f i c  y ie ld  (CSy) can  be o b ta in e d  by u s in g  the  
fo l lo w in g  eq u a t io n .
CSy =
(S i
^ 2 )
M )
D I S C I  S S I O S  O E  H E S i ’L T S
T he  i n t e r g r a n u l a r  p e r m e a b i l i t y  v a l u e s  fo r  
a l l  s a m p l e s  a r e  v e r y  low ; th o s e  of the b o r e h o le  
s a m p l e s  b e in g  s ig n i f i c a n t ly  l o w e r  th a n  th o s e  
f r o m  the  o u tc ro p  (F ig .  21). T h is  p r o b a b ly  
r e l a t e s  to w e a th e r in g  and r e l i e f  of o v e r b u r d e n  
p r e s s u r e ,  a l though  the e f fe c t  cou ld  in c lu d e  
a c tu a l  v a r i a t i o n  of the C ha lk  i t s e l f .  T h e r e  is  
9 0  p e r  c e n t  p r o b a b i l i t y  th a t  the  p e r m e a b i l i t y  of 
the  o u tc ro p  and b o r e h o le  s a m p l e s  w il l  be l e s s  
th a n  3.0 m d a r c y  and 0 .3  m d a r c y  r e s p e c t i v e l y  
(F ig .  22). T he  r a t i o  of v e r t i c a l  p e r m e a b i l i t y  
(Ky) to h o r i z o n t a l  (K^) i s  on a v e r a g e  l e s s  in  the  
o u tc ro p  s a m p l e s  than  in  the  b o r e h o le  s a m p l e s .
T he p o r o s i ty  of m o s t  s a m p l e s  w a s  m o d e r a t e l y  
h igh. T he  o u tc ro p  s a m p l e s  tend  to h av e  h ig h e r  
p o r o s i t y  v a l u e s ,  a l though  a t h r e e - f o l d  d iv is io n  
ca n  be  s e e n  in F ig ,  21; 0 .34  to 0 .38 ,  a r o u n d  0.27 
and l e s s  than  0.24. Of the  l a s t  g ro u p ,  8 out of 
11 a r e  f r o m  the  .Middle and  L o w e r  C h a lk  w h e r e a s  
35 ou t of 38 of the  f i r s t  two g r o u p s  a r e  U p p e r  
C h a lk  s a m p le s .  T h e  p o r o s i t y  of su p p o s e d  
M idd le  C h a lk  b o r e h o le  s a m p l e s  i s  h o w e v e r  
s ig n i f ic a n t ly  l o w e r  than  th o s e  f r o m  o u tc r o p ,  
a l th o u g h  the  s a m p l in g  lo c a t io n s  a r e  n o t  s t r i c t l y  
c o m p a r a b le .  Of the U p p e r  C h a lk  o u tc r o p  g r o u p s ,  
th o se  of a ro u n d  0.27 p o r o s i t y  a r e  n o t i c e a b ly  
d i f f e r e n t  in h a r d n e s s  and  l i th o lo g )  f r o m  th o s e  in 
the  0.34 to 0 .38 g roup .  T liis  g ro u p in g  is  r e f l e c t e d  
a l s o  in the f o r m  of the p r o b a b i l i t y  d i s t r i b u t io n  
of p o r o s i t y  (F ig .  22).
C e n t r i f u g e  s p e c i f i c  y ie ld  v a l u e s  w e r e  v e r y  
low , not e x c e e d in g  0 .009  and witli a m e a n  of on ly  
0 .002. In the p r e s e n c e  of m o d e r a t e l y  liigh 
p o r o s i t y  they  s u g g e s t  th a t  the  d i a m e t e r s  of the 
p o r e  c h a n n e l s  a r e  e x c e e d in g ly  s m a l l .  A fa c t  
b o r n e  out by  the  v e r y  low i n t e r g r a n u l a r  p e r m e ­
ab i l i ty .
I S E I J  ’E S C E  O E S T Y L O E I T E S  O S  E I I Y S I C J E
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S ty lo l i t e s  a r e  f e a t u r e s  found in  m a n y
c a r b o n a te  r o c k s .  T h ey  a p p e a r  a s  p a r t i n g s  
b e tw e e n  b lo c k s  sh o w in g  i n t e r d ig i t a t i o n  in the  
f o rm  of c o lu m n s  and s o c k e t s .  In the  E a s t  
Y o r k s h i r e  C ha lk  they  a r e  m a r k e d  by a th in  g r e y  
l a y e r  of c la y  m i n e r a l s  w hich  p r o d u c e s  a ja g g e d  
d a r k  l in e  in  a q u a r r y  fac e  o r  on a m a c h in e d  
r o c k  s u r f a c e .
It i s  g e n e r a l ly  c o n s id e r e d  th a t  th e s e
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seco n d ary  s t r u c t u r e s  a r e  f o r m e d  by p r e s s u r e  
solution  (Dunnington , 19G7). L i m e s t o n e s  m a y  
into so lu t ion  on p r e f e r e n t i a l  i n t e r f a c e s  a t  
depths of b u r i a l  in  the  o r d e r  of GUI) to 900 m . 
Solution will ta k e  p la c e  at l e s s e r  d e p th s  w h e r e  
there is f r e e  C Ü 9 p r e s e n t .  T he  p r o c e s s  l e a v e s  
an insoluble r e s i d u e  a c c u m u l a t i n g  a s  a thin 
seam at the s ty l o l i t i c  s u r f a c e .  C a lc u l a t i o n s  
based on the t h i c k n e s s  of th i s  r e s i d u a l  l a y e r ,  
rela tive to the to ta l  i n s o lu b le  m a t e r i a l  a v a i l a b le  
per unit vo lum e,  and  the  s t y l o l i t i c  a m p l i tu d e  
enable e s t im a te s  of o v e r a l l  d i a g e n e t i c  r e d u c t io n  
i n  t h ic k n e s s  of c a r b o n a t e  d e p o s i t s  to be m a d e .
Some m a te r ia l  m u s t  be r e m o v e d  by s o lu t io n  a lo n g  
the stylolite s u r f a c e s .  H o w e v e r  D unn ing ton  
(1967) c o n s id e r s  th a t  l i t t l e  o r  no  p a r t  of the 
carbonate s o lu t io n  l e a v e s  the  s y s t e m  and i s  
redeposited in th e  p o r e  s p a c e s  of the  a d j a c e n t  
rem aining ro ck ,  th u s  r e d u c i n g  i t s  p o r o s i ty .
Since all the l a b o r a t o r y  p e r m e a b i l i t y  r e s u l t s  
are so low, the in f lu e n c e  of s t y l o l i t e  d e v e lo p m e n t  
on physical p r o p e r t i e s  m u s t  be n e g l ig ib le  in  the  
overall context of th i s  r e p o r t .  F u r t h e r  w o rk  
would be r e q u i r e d  f o r  s y s t e m a t i c  s tu d y  of th e s e  
features in o th e r  c o n t e x t s .  T he  r e s u l t s  sh o w ed  
an overall tendency  f o r  p lu g s  w ith  s t y l o l i t e s  both  
parallel and p e r p e n d i c u l a r  to the  t e s t  flow 
direction to have h i g h e r  p e r m e a b i l i t y  th a n  
comparable n o n - s ty lo l i t i c  p lu g s .  C l o s e r  e x a m ­
ination of the r e s u l t s  f o r  s a m p l e s  f r o m  w h ich  
stylolitic and n o n - s t y l o l i t i c  p lu g s  w e r e  cu t ,  
support this fo r  b o th  th e  h o r i z o n t a l  and  v e r t i c a l  
directions, but th e  g r o s s  p e r m e a b i l i t y  v a l u e s  
remain very low. T h e  i n c r e a s e  in  the  v e r t i c a l  
direction is p r e s u m a b l y  th e  r e s u l t  of m i c r o s c o p i c  
discontinuities f o r m e d  d u r i n g  the  d i f f e r e n t i a l  
vertical m o v e m en ts  in v o lv e d  in  s t y l o l i t e  f o r m ­
ation.
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Chalk in Qiiarrv Kxposur(*.s by C .  M. 
W o o d w ard .  B.St arui D. K. Buckley. BSc
/.V77f0/)rC77O.V 
The geometry of j o in t in g ,  i t s  l o c a l  and  
regional va r ia t ion  a r e  of f u n d a m e n ta l  s ig n i f i c a n c e  
in the study of any c o n s o l id a t e d  a q u i f e r .  A t  the  
outset of inves t iga t ion  in  the  E a s t  Y o r k s h i r e  
Chalk it was c l e a r  th a t  the  flow and  p o s s i b l y  the  
storage of g ro u n d w a te r  m u s t  o c c u r  in the  
physical d isc o n t in u i t ie s  of the  r o c k  m a s s .
huhe a lm ost  c o m p le t e  a b s e n c e  of p e r t i n e n t  
t'-'^ isting l i t e r a tu re  on the  o c c u r r e n c e  of in c l in e d  
i°tnts and h o r izon ta l  d i s c o n t i n u i t i e s ,  th i s  s u r v e y  
® t|uairy ex p o su re s  w a s  in i t i a t e d .  I t s  p r i m a r y  
ttn Was to obtain, f a i r l y  r a p i d l y ,  an  a d e q u a te  
itative d e s c r ip t io n  of the  jo in t in g .
'^ventional g eo lo g ica l  f ie ld  m e th o d s  w e r e  u s e d
bu t c o n s i d e r a b l e  p r o b l e m s  w e r e  e x p e r i e n c e d  in 
the a v a i l a b i l i ty  of s i t e s  s u i t a b l e  f o r  m e a s u r e m e n t  
s e l e c t io n  of r e p r e s e n t a t i v e  m e a s u r e m e n t  s a m p l e s  
and in  a c tu a l ly  m a k in g  m e a s u r e m e n t s .  O th e r  
m o r e  s o p h i s t i c a t e d  m e th o d s  cou ld  h av e  b e e n  
e m p lo y e d  f o r  the  s tu d y  but m a n y  of the  s a m e  
p r o b l e m s  would  h a v e  b e e n  m e t .
T he g e n e r a l l y  h igh  d e n s i ty  of d i s c o n t in u i t i e s  
on a l l  s c a l e s  in  th e  c h a lk  q u a r r i e s  ( P l a t e  2) le d  
to an i m m e d ia t e  i m p r e s s i o n  of r a n d o m  jo in t in g ,  
bu t  d e s p i t e  th i s ,  m e a s u r e m e n t  sh o w ed  the  
p a t t e r n  s u f f i c ie n t ly  w e l l  o r d e r e d  to r e c o g n i s e  a 
s y s t e m .  J o in t in g ,  h o w e v e r ,  i s  c e r t a i n l y  m o r e  
f r e q u e n t  and  l e s s  p r e c i s e l y  d e f in e d  in  p a t t e r n  
than ,  f o r  e x a m p le ,  in  the  C a r b o n i f e r o u s  L i m e ­
s to n e  (W a g er ,  1931) T h e  l i th o lo g y  of the  E a s t  
Y o r k s h i r e  C ha lk  i s  r e l a t i v e l y  h o m o g e n o u s  and 
s t r a t i g r a p h i e  h o r iz o n  w a s  not know n o r  e x p e c t e d  
to be of p r i m a r y  im p o r t a n c e  in the  o c c u r r e n c e  
of jo in t in g .
In a d d i t io n  to  the  in c l in e d  and h o r i z o n t a l  
jo in t in g ,  the  o th e r  p r i n c i p a l  s e c o n d a r y  f e a t u r e s  
w e r e  the u b iq u i to u s  s ty lo l i t i c  s t r u c t u r e s  w ith  
t h e i r  a s s o c i a t e d  s e c o n d a r y  m a r l s .  T he  a v e r a g e  
d e n s i ty  of o c c u r r e n c e  of th e s e  e s s e n t i a l l y  s t r a t i ­
f o r m  n e a r - h o r i z o n t a l  f e a t u r e s  w as  m e a s u r e d  
and  t h e i r  r e l a t i o n  to the  f o r m e r  o b s e r v e d .
P r i m a r y  m a r l s  w h ich  a r e  know n to  be p r e s e n t  
bu t  w e r e  on ly  o c c a s io n a l l y  e n c o u n te r e d ,  and 
f l in t  b a n d s ,  w hich  a t  s o m e  h o r i z o n s  w e r e  
n u m e r o u s  and p e r s i s t e n t  l a t e r a l l y ,  a r e  no t  
d e a l t  w ith  in  th i s  s u r v e y .
It m u s t  be  b o r n e  in  m in d  th a t  the  jo in t  
s y s t e m  a t  dep th  b e n e a th  the  w a t e r  t a b le  m a y  
not be a s im p le  p r o j e c t io n  of th a t  m e a s u r e d  in 
the  q u a r r y  e x p o s u r e s .  It i s  the  f o r m e r  th a t  i s  
of m o s t  s ig n i f i c a n c e  in g r o u n d w a te r  h y d ro lo g y .  
Q u a n t i t a t iv e  a c c o u n t s  of c h a n g e s  in  jo in t in g  w ith  
i n c r e a s i n g  dep th  a r e  no t know n to be a v a i la b le .
In a g e n e r a l  w ay  it  i s  a n t i c ip a te d  th a t  the 
s e p a r a t i o n  of jo in t s  a t  dep th  w il l  b e c o m e  l e s s  
and in the  a b s e n c e  of so lu t io n ,  th e y  m a y  be so  
' t i g h t ’ a s  to  a p p r o a c h  in s i g n i f i c a n c e  in  the  
c o n te x t  of g r o u n d w a te r  c i r c u l a t i o n .  T h e i r  
p r o m i n e n c e  in q u a r r i e s  m a y  be to ta l ly  due to 
the  p r o c e s s e s  of s t r e s s  r e l i e f  in v o lv e d  in 
e x p o s u r e  a t  the  s u r f a c e .  H o w e v e r ,  i t  m u s t  be 
b o r n e  in m in d  th a t  v e r y  s m a l l  o p e n in g s  on 
f r e q u e n t  j o in t s  can  i m p a r t  h igh  p e r m e a b i l i t y  to 
a r o c k  m a s s .  T h i s  p e r m e a b i l i t y  would  be a 
fu n c t io n  of jo in t  a p e r t u r e  and o r i e n t a t io n .
r i i O H L E M S  I S  R E r H E S E S T A T n ’E  M E A S I  R E M E S T
C l a s s i f i c a t i o n  of the  t e r m s  ' j o in t '  and  
' f i s s u r e '  i s  no t  s a t i s f a c t o r y .  G e o lo g i s t s  r e g a r d  
l a r g e  'o p e n '  d i s c o n t in u i t i e s  a s  f i s s u r e s ,  
p a r t i c u l a r l y  w h e r e  t h e r e  h a s  b e e n  s o lu t io n ,  and 
both  s m a l l  and l a r g e  c l o s e d  d i s c o n t in u i t i e s  a r e
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com m o n ly  t e r m e d  j o i n t s ,  p a r t i c u l a r l y  w h e r e  the  
plane of s e p a r a t i o n  i s  r e g u l a r  and s t r a i g h t .
This c la s s i f i c a t io n  i s  no t  fo l lo w ed  by a l l  e n g i n e e r s .  
Fookes and U e n n e s s  (1ÜG9) d r a w  a t t e n t io n  to the 
need for s t r i c t  d e f in i t io n s .  T he  t e r m  ' j o in t '  i s  
used in this r e p o r t  s i n c e  the  s t r u c t u r e s  o b s e r v e d  
are re la tive ly  l a r g e ,  c o m m o n ly  p l a n a r ,  in  s u b -  
parallel g roups  w ith  a r e g u l a r  s e p a r a t i o n  and 
without m a rk e d  d e v e lo p m e n t  of s o lu t io n  f e a t u r e s .
The in v e s t ig a t io n  of the  j o i n t s  w a s  c a r r i e d  
out by con ven tion a l g e o lo g ic a l  m e th o d s  f o r  f ie ld  
measurement. C e r t a i n  p r o b l e m s ,  w h ich  w e r e  
immediately a p p a r e n t ,  w e r e  th o s e  of the  s e l e c t i o n  
criteria used to d e f in e  s a m p l i n g  m e th o d s .
in each q u a r r y  i t  w a s  e v id e n t  th a t  m a j o r  and  
minor joints w e r e  p r e s e n t  and  c o u ld  be m e a s u r e d .  
The m a jo r /m in o r  j o in t  r a t i o  w a s  ty p i c a l ly  of the  
order of 1:3. Q u a n t i t a t i v e l y  th e  m a j o r  j o in t s  
could probably be r e g a r d e d  a s  f a l l in g  in to  the 
100 m2 (very l a r g e ) ,  an d  1 to  10Ü m -  ( la r g e )  
subdivision on s u r f a c e  a r e a ,  a s  a d o p te d  by 
Fookes and D e n n e s s  (1969) T he  m i n o r  j o in t s  
would be s i m i l a r ly  c l a s s i f i e d  a s  l a r g e ,  though  
at the lower end of the  s c a l e ,  and o c c a s io n a l l y  
down to 1.0 m2 in a r e a .  T he  in c ip i e n t  f r a c t u r e s  
due to w ea ther ing  w e r e  c o m m o n ly  l e s s  than  1.0 
m2 in s i /e .  H o w e v e r  c l a s s i f i c a t i o n  b a s e d  upon 
surface a rea  of j o i n t s ,  though  c o n s i s t e n t  in 
application w h ere  they  a r e  f o r m e d  by r e l e a s e  of 
residual energy ,  i s  no t  e n t i r e l y  s a t i s f a c t o r y  f o r  
the present p u ip o s e .  T h e  a r e a  of the  jo in t  
observed being l im i t e d  by the  c o n f in e s  of the  
exposure, with unknow n e x t e n s i o n  in to  the  q u a r r y  
face. Despite th e s e  l i m i t a t i o n s ,  i t  w as  
comparatively e a s y  to s e p a r a t e  m a j o r  f r o m  
minor joints on a s u b j e c t i v e  b a s i s ,  the  f o r m e r  
commonly t r a v e r s i n g  th e  e n t i r e  q u a r r y  fa c e .
The minor jo in t s  w e r e  c o m m o n l y  c o n f in e d  to 
a single bed. T hey  w e r e  g e n e r a l l y  found  to be 
less ordered than tlie m a j o r  j o i n t s  and  a c o m p le t e  
analysis of m in o r  jo in t in g  w ould  h a v e  in v o lv e d  
a very large n u m b e r  of m e a s u r e m e n t s .  It w a s  
not undertaken and m i n o r  j o i n t s  a r e  no t  d e a l t  
with further in th is  r e p o r t ,  a l th o u g h  t h e i r  e f f e c t  
on groundwater c i r c u l a t i o n  m a y  be s ig n i f i c a n t .
The location of q u a r r i e s  w h e r e  an  a n a l y s i s  of 
'he joint sys tem  w as  m a d e  i s  sh o w n  in  F ig .  23 
o^d Table 9. Data f r o m  16 s i t e s  w e r e  a n a ly s e d ,  
seven of which l ie  b e n e a th  a th in  B o u l d e r  C la y  
‘'over; about the s a m e  n u m b e r  a g a in  w e r e  
"'sited and found u n s u i t a b le .  T he  s i t e s  s e l e c t e d ,  
"Ole those with a long  h igh  f a c e  (and  p r e f e r a b l y  
“"orthogonal face  w h o re  a v a i l a b l e ) ,  w h e r e
""thering was not too f a r  a d v a n c e d .
j. ^  s e le c te d  f a c e ,  th e  o r i e n t a t i o n  of
 ^ ® and angle of d ip  of e a c h  m a j o r  j o in t  p la n e
w a s  m e a s u r e d  a s  a c c u r a t e l y  a s  p o s s i b l e .  T he  
a c tu a l  s p a c in g  b e tw e e n  jo in t s  w a s  a l s o  m e a s u r e d  
a t  s o m e  s i t e s .  T h i s  u s u a l ly  p r o v e d  d i f f i c u l t  o r  
so m e w h a t  u n r e l i a b l e  b e c a u s e  of d i f f e r in g  d ip  
d i r e c t i o n s  and the  n u m b e r  of jo in t s  p r e s e n t  in  a 
g iv en  le n g th  of f a c e  w a s  u s e d  f o r  c o n v e n ie n c e  a s  
a g e n e r a l  i n d i c a t o r  of the  o v e r a l l  d e n s i ty  of 
in c l in e d  jo in t in g  in  th a t  p la n e .
The g e n e r a l l y  h igh  jo in t  d e n s i ty  n e c e s s i t a t e d  
c o n s id e r a t i o n  of the  c h a r a c t e r i s t i c  l e n g th  f o r  
e a c h  fa c e ;  the h ig h e r  the  jo in t  d e n s i t y  the  s h o r t e r  
the  le n g th  of f a c e  n e c e s s a r y  f o r  s t a t i s t i c a l l y  
r e p r e s e n t a t i v e  m e a s u r e m e n t .  I t  w a s  d e c id e d  to 
adop t  an  e m p i r i c a l  a p p r o a c h  by ta k in g  v a r i o u s  
le n g th s  of the  s a m e  fa c e ,  m e a s u r i n g  the  m a j o r  
jo in t s  and p lo t t in g  th e m  on s t e r e o g r a m s .  T h is  
w a s  done f o r  v a r i o u s  f a c e s  and i t  w a s  g e n e r a l l y  
found th a t  w h e r e  a v a i l a b le ,  a l e n g th  of ab o u t  
30 m  w as  s u f f i c ie n t  to p r o v id e  an a d e q u a te  
s a m p le  of the f a c e  a s  a w hole .
M e a s u r e m e n t  of o r th o g o n a l  f a c e s  a p p e a r e d  
s u f f i c ie n t  to  in c lu d e  m o s t  of the  jo in t s  p r e s e n t  
in the e n t i r e  r o c k  m a s s ,  a l th o u g h  s u i t a b le  t h i r d  
and f o u r th  f a c e s  to d e m o n s t r a t e  th i s  w e r e  r a r e l y  
a v a i la b le .  T he  s t e r e o g r a m s  of d a t a  c o l l e c te d  
a t  M id d le to n  and F l ix to n  H il l  p lo t t e d  a s  0  d i a g r a m s  
(F ig .  24), i l l u s t r a t e  d e g r e e s  of c o n t r a s t  b e tw e e n  
o r th o g o n a l  f a c e s .
D u r in g  the  s u r v e y  i t  b e c a m e  a p p a r e n t  th a t  
the  q u a r r i e s  s u i t a b l e  f o r  m e a s u r m e n t  w e r e  
in a d e q u a te ,  both in  n u m b e r  and d i s t r i b u t io n ,  f o r  
a fu ll  r e g io n a l  s tu d y  of the  jo in t in g  of the C ha lk  
in  E a s t  Y o r k s h i r e  o r  of th a t  p a r t  of i t  ly in g  in 
the H u l l - H e in p h o lm e  c a tc h m e n t .  O nly  6 s i t e s  
w e r e  lo c a te d  in  th i s  l a t t e r  a r e a .
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D u r in g  the f ie ld  i n v e s t ig a t io n s  d i f f i c u l t i e s  
w e r e  e n c o u n te r e d  b e c a u s e  of the e f f e c t  of 
w e a th e r in g  a t e v e n  the  b e t t e r  e x p o s u r e s .  T he  
w e a th e r in g  c h a r a c t e r i s t i c s  of the  E a s t  Y o r k s h i r e  
C h a lk  a r e  s u c h  th a t  the  a c t io n  of f r e e z e - t h a w  
l e a d s  to the  r a p id  d e v e lo p m e n t  of th e  l a r g e  
n u m b e r s  of p l a n a r  and n o n - p l a n a r  c l o s e l y  s p a c e d  
d i s c o n t in u i t i e s  a p p a r e n t  a t  m o s t  o u tc r o p s .  The 
d e g r e e  of w e a th e r in g  a t  any  p a r t i c u l a r  q u a r r y  
w as  im m e d ia t e ly  ev id e n t  f r o m  the  c o n d i t io n  of 
the  s c r e e .  T he  v a r i a t i o n  a p p e a r e d  to be 
p r i n c i p a l l y  a fu n c t io n  of the  t im e  the  f a c e  
c o n c e r n e d  had b ee n  e x p o s e d ,  i t s  o r i e n t a t i o n  and 
p o s s i b ly  a l s o  v a r i a t i o n  in  ro c k  p r o p e r t i e s .  An 
a t t e m p t  w a s  m a d e  to  e x c lu d e  w e a th e r in g  e f f e c ts  
f r o m  the s tu d y  by s e l e c t i n g  the m o s t  r e c e n t ly  
q u a r r i e d  f a c e s ,  a l th o u g h  in  s o m e  i n s t a n c e s  the 
m e a s u r e d  f a c e  had  b e e n  e x p o s e d  f o r  up to 6 
y e a r s .  L o c a l  e x p e r i e n c e  of the e f f e c t  of 
w e a th e r in g  s u g g e s te d  th a t  l a r g e  q u a r r i e d  b lo c k s  
of c h a lk  w ith  r e t a in e d  m o i s t u r e  could  be b r o k e n
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Table 9. S u m m a r y  of h o r i z o n t a l  d i s c o n t i n u i t i e s  i r
— ■ Quarry
(NCR)
C h a lk  D iv i s io n  and H e ig h t  of
Z o n e  ( a f t e r  W r ig h t f a c e  (m)
a n d  W r ig h t ,  1942)
Flixton Hill M id d le 8.8
(TA 046 778) 
Langtoft U p p e r  M a r s u p i t e s
(TA 013 659) l e s t u d i n a r i u s
Life Hill U p p e r  I n o c e r a m u s 5.0
(SE 929 616) l in g u a
Ruston P arva U p p e r  I n o c e r a m u s 17.3
(TA 069 616) l in g u a
Naffprton G range  U p p e r  D i s c o s c a p l i i t e s 8 .5
(TA 049 612) b in o d o s u s
Bainton U p p e r 8 .6
(SE 976 512)
Middleton U p p e r  H a g e n o w ia 4.8
(SE 942 502) r o s t r a i a
Burnby i L o w e r 4.5
(SE 858 467)
Westwood A U p p e r  U i n t a c r i n u s 10.0
(TA 020 382) w e s t p h a l i c u s
Westwood B U p p e r  M a r s u p i t e s 10.0
(TA 025 375) i l e s t u d i n a r i u s  and  
U i n t a c r i n u s  w e s t -  | 
p h a l i c u s  1
■ U p p e r  H a g e n o w iaLittle Weigh ton 12.0
(SE 982 334) r o s l r a t a
Cave Wold M id d le  T e r e b r a - 4 .3
(SE 930 325) tu l in a  l a t a
Skidby U p p e r  H a g e n o w ia 9.5
(TA 021 324) r o s l r a t a
WiUerby U p p e r  M i c r a s t e r 5.0
(TAOll 314) c o r t e s t u d i n a r i u m
Melton M id d le  T e r e b r a - 14.0
(SE 970 278) tu l in a  l a t a  an d
Humberfield
I n o c e r a m u s  l a b i a t u s  
M idd le  T e r e b r a - 13.0
(TA 015 263) lu l in a  l a t a
A v e r a g e  no. 
of h o r i z o n t a l  
d i s c o n t in u i t i e s  
( p e r  m e t r e )
1.3
1. 2
0.6
2.4
few
3.6
1.6
v e r y
few
v e r y
few
few
1.0
1.0
A v e r a g e  no. 
of s t y l o l i t e s  
( p e r  m e t r e )
R e m a r k s
8 .3
17.7
12.2
4.8
1 1 . 2
19.6
26.0
10.0
16.0
30.0 
6.8
20.5
25 .3
7 .4
10.0
S ty lo l i t e s  of v e r y  
l a r g e  a m p l i t u d e  
p r e s e n t
N o  m e a s u r e m e n t s  
f a c e  b a d ly  w e a t h e r e d
I n s u f f i c i e n t  h e ig h t  
of f a c e
S ty lo l i t e s  on  s m a l l  
s c a l e
S ty lo l i t e s  on v e r y  
s m a l l  s c a l e ,  
i n s u f f i c i e n t  h e ig h t  
of f a c e
S ty lo l i t e s ,  n o n -
p l a n a r  and  s m a l l
a m p l i tu d e ,
in s u f f i c i e n t
h e ig h t  of
f a c e
I n s u f f i c i e n t  h e ig h t  
of f a c e
I n s u f f i c ie n t  h e ig h t  
of face
F a c e  b ad ly  w e a th e r e d ,  
m e a s u r e m e n t  d if f icu l t
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by as li t t le  a s  t h r e e  ' n i g h t s '  f r o s t .  An i n h e r e n t  
"Îoblem in s a m p l in g  w a s  the  p r e s e n c e  of n o n ­
p a r  jo in ts ,  and the  d e p a r t u r e  of p l a n a r  j o in t s  
Îo c u rv ed  s u r f a c e s .  On m a n y  f a c e s  n o n - p l a n a r  
oints appeared  to be c o m p o u n d e d  of s e v e r a l  
\ a n a r  joints. In t h e s e  c i r c u m s t a n c e s  m e a s u r e ­
ments were ta k en  on the  s ig n i f i c a n t  c o m p o n e n t  
only. Some n o n - p l a n a r  j o i n t s  d id  no t  f a l l  r e a d i ly  
into this s c h e m e ,  though  f o r t u n a t e l y  t h e i r  n u m b e r  
was small.
Further p r o b l e m s  w e r e  the  d i f f i c u l ty  of a c c e s s  
to high faces and the c o n d i t io n  of the  e x p o s u r e s .
The separation b e tw e e n  o p p o s in g  jo in t  s u r f a c e s  
in quarry s e c t io n s  g e n e r a l l y  p r o v e d  to  be  l e s s  
than 5 mm, ex c ep t  w h e r e  o b v io u s ly  a f f e c te d  by 
weathering and b la s t in g .  F r e q u e n t l y  t h e r e  w a s  
little relief on the  q u a r r y  f a c e s  and  i t  w a s  
necessary to use  a l a d d e r  and  to  r e m o v e  a d j a c e n t  
blocks to expose a s u f f i c i e n t ly  l a r g e  s u r f a c e  f o r  
measurement. T h i s  r e s t r i c t e d  m e a s u r e m e n t  to  
a height of 3 to 5 m  a b o v e  q u a r r y  f l o o r  o r  g a l l e r y  
level, along the 30 m  le n g th  s a m p le d .
O i m S I O S  OF J O I S T  M FASl  ’R F M E S T S  
The o r ien ta t ion  of m a j o r  j o in t in g  a t  the  
selected q u a r r i e s  i s  sh o w n  on  th e  r o s e  d i a g r a m  
in Fig. 23, which i s  the  p r i n c i p a l  e n d - p r o d u c t  of 
the survey. All jo in t  d a t a  w e r e  a l s o  p lo t t e d  on 
stereograms, c h ie f ly  in  th e  f o r m  of / 3 - d i a g r a m s  
(for example, F ig . 24). H o w e v e r  r o s e  d i a g r a m s  
are considered m o r e  u s e f u l  f o r  the  p u r p o s e  of 
this study where s t r i k e  o r i e n t a t i o n  i s  p r o b a b ly  
more important than  d ip  i n c l i n a t io n ,  w h ich  in 
any case is g e n e ra l ly  h igh .  T h e  m e a s u r e d  d e n s i ty  
of inclined jo in t ing  on the  f a c e s  s u r v e y e d  i s  a l s o  
recorded in Fig. 23; bu t  w h i le  the  j o in t  r o s e s  a r e  
internally p ro p o r t io n a l  tliey a r e  n o t  a l l  to  the  
same scale b ec au se  of the  d i f f e r i n g  l e n g th s  of 
faces measured at e a c h  s i t e .
Many of the in c l in e d  j o i n t s  m e a s u r e d  in  the  s u r ­
vey formed a p p a re n t ly  c o n j u g a t e  s e t s  in c l in e d  a t  
more than 50® to the h o r i z o n t a l ,  q u i t e  f r e q u e n t l y  
with tiieir s t r ik e s  a l ig n e d  r o u g h ly  n o r t h - w e s t  
and east-north-east .  T h e  f o r m e r  m a y  r e f l e c t  
the influence of the b r o a d  r e g i o n a l  s y n c l in a l  
structure. O th er  m a j o r  j o i n t  s e t s  ca n  b e  
recognised locally  and a r e  d i s c u s s e d  f u r t h e r  
below. The p r e s e n t  s u r v e y  c o n f i r m s  to  s o m e  
extent the general o b s e r v a t i o n  of V e r s e y  (1948), 
who regarded the jo in t  s y s t e m  a s  c o m p r i s i n g  
ree sets, two t r a n s v e r s e  s e t s  o r i e n t a t e d  n o r t h ­
west and n o r th -e a s t  and  an  in c l in e d  s e r i e s  of 
^specified o r ie n ta t io n  (w h ich  m a k e  an  a n g le  of 
to the ver t ica l) .  In g e n e r a l  the  d e n s i t y  of 
luting does not v a r y  g r e a t l y  f r o m  0 .7  to 1.3 
®rmetre. S ites  h a v in g  the  o v e r a l l  lo w e s t  
. in all d i r e c t io n s  ( M id d le to n ,  L i t t l e
''flight'
b^alk)
on and Skidby) w ould  b e  in  the  (U p p e r
^ o w i a  r o s t r a t a  Z o n e  of W r ig h t  and
W r ig h t  (1942). H o w e v e r  i t  i s  c o n s i d e r e d  th a t  
in s u f f i c i e n t  s i t e s  w e r e  a v a i l a b le  in  th a t  Z o n e  to 
d ra w  a g e n e r a l  c o n c lu s io n .  No o t h e r  in d ic a t io n  
of s t r a t i g r a p h i e  o r  l i t h o lo g ic a l  c o n t r o l  w a s  
d e te c te d .
T he  s t r e s s e s  th a t  h av e  b e e n  a p p l ie d  to  the  
C h a lk  s t r a t a  in  E a s t  Y o r k s h i r e  d u r in g  t h e i r  g e o ­
lo g ic a l  h i s t o r y  in c lu d e  s t r e s s e s  of t e c to n i c  o r ig in ,  
a s s o c i a t e d  w ith  d e e p  b u r i a l  and r e g io n a l  d e f o r m ­
a t ion ,  s t r e s s e s  r e l a t e d  to the  w e ig h t  and. t h r u s t  
of the  ic e  s h e e t s  d u r in g  the  P l e i s t o c e n e ,  and 
s t r e s s e s  r e s u l t i n g  f r o m  e r o s i o n  of o v e r b u r d e n  
and the  d e v e lo p m e n t  of v a l l e y s  and the  e s c a r p m e n t .  
P r i c e  (1959) c o n s i d e r e d  the  ' m a s t e r '  and ' r e g io n a l '  
(m a jo r )  jo in t s  d ev e lo p  by l a t e r a l  e x p a n s io n  d u r in g  
r e g io n a l  u p l i f t ,  r e l e a s i n g  the  r e s i d u a l  s t r e s s e s  
of p r i o r  t e c to n ic  d e f o r m a t io n ,  w h o se  d i r e c t i o n a l  
a s p e c t  d e t e r m i n e d  t h e i r  o r i e n t a t io n .  T he  o b l iq u e  
s h e a r  jo in t  s y s t e m  of th e  E a s t  Y o r k s h i r e  C h a lk  
i s  c o n s i s t e n t  w ith  a v e r t i c a l l y  d i r e c t e d  m a x im u m  
s t r e s s .
T he  c h ie f  v i s u a l  f e a t u r e  of the  m a j o r  jo in t in g  
i s  the  t r e l l i s  p a t t e r n  w h ich  i t  f o r m s  on q u a r r y  
f a c e s  to g e th e r  w ith  the  s c a r c i t y  of h o r i z o n t a l  o r  
low an g le  t r a c e s  of the  s a m e  s y s t e m  in  the  
o r th o g o n a l  f a c e .  T h is  i s  a fu n c t io n  of th e  h igh  
a n g le  of in c l in a t io n  of the  jo in t in g  r e d u c in g  the  
c h a n c e  of i n t e r s e c t i o n  on the  o r th o g o n a l  f a c e ,  
w h ich  p r o b a b ly  o f ten  a p p r o x i m a t e s  to  one  jo in t  
s u r f a c e  of the s y s t e m .  A n o th e r  f e a t u r e  f r e q u e n t ly  
s e e n  w as  s p e a r - h e a d  sh a p e d  b lo c k s  of C h a lk  
r e s u l t i n g  f r o m  the  i n t e r s e c t i o n  of c o n ju g a te  s e t s  
of high  an g le  jo in t s .  S l ig h t  d i s p l a c e m e n t s  a lo n g  
jo in t  p la n e s  a r e  v e r y  c o m m o n  and though t  to  be 
due  to the  e f f e c t s  of g la c ia l  a n d / o r  s u p e r f i c i a l  
d i s t u r b a n c e .  I t  w as  a l s o  no ted  th a t  s e v e r a l  of 
the  jo in t  p l a n e s  c a r r i e d  s l i c k e n s i d e s  though  a 
s tu d y  of jo in t  s u r f a c e  f e a t u r e s  w as  no t u n d e r ta k e n .
W hile  the  s t r i k e s  of the  c o n ju g a te  s e t s  of 
in c l in e d  jo in t s  a r e  f r e q u e n t ly  o r i e n t e d  n o r t h ­
w e s t  and  e a s t - n o r t h - e a s t  ( fo r  e x a m p le ,  a t  
N a f fe r to n  G ra n g e  and W i l le rb y ) ,  m a n y  d e p a r t u r e s  
f r o m  th is  p a t t e r n  ca n  be  id e n t i f ie d  (F ig .  23). A t 
s o m e  s i t e s  t h e r e  i s  a t e n d e n c y  to w a r d s  in c l in e d  
jo in t  d e v e lo p m e n t  in  m a n y  d i r e c t i o n s  ( fo r  e x a m p le ,  
Skidby) bu t  s t i l l  w ith  s o m e  s t r i k e s  d o m in a t in g  o v e r  
o t h e r s .  W h e re  one s t r i k e  d i r e c t i o n  i s  s t r o n g ly  
d e v e lo p e d  i t  u s u a l ly  a p p e a r s  a t t r ib u ta b l e  to  the  
in f lu e n c e  of l o c a l  f a c t o r s ,  f o r  i n s t a n c e  the  c l o s e ­
n e s s  of the  e s c a r p m e n t  (a t ,  f o r  e x a m p le ,  the B u rn b y ,  
C a v e  W old and  M elton  s i t e s ) .  S in ce  the  s a m e  
s t r i k e  d i r e c t i o n s  a r e  s e e n  a t  d ip - s lo p e  s i t e s ,  
h o w e v e r ,  i t  i s  p o s s i b l e  th a t  an  a l r e a d y  e x i s t i n g  
t e c to n ic  jo in t  s e t  h a s  b ee n  f u r t h e r  a c c e n tu a te d  
by p a r t i a l  r e l e a s e  of the  s t r e s s  f ie ld  a s s o c i a t e d  
w ith  the s c a r p .
T he  F l ix to n  H ill  s i t e  i s  a l s o  on the c r e s t  of the
67
e s c a r p m e n t  but s h o w s  jo in t  d e v e lo p m e n t  a l m o s t  
totally confined in  the  p e r p e n d i c u l a r  n o r t h - n o r t h ­
west d irec t io n  ( F ig s .  23 and  24). T in s  co u ld  be 
re la te d  to the p r o x i m i t y  of the  i m p o r t a n t  I lu n m a n b y  
F ault, or  a n o t h e r  u n d e f in e d  f a u l t  of s i m i l a r  
o r ie n ta t io n ,  but t h e r e  i s  a l s o  an  e a s t - w e s t  l in e  
of te c to n ic  d i s t u r b a n c e  i m m e d i a t e l y  to  the  s o u th
( F i g .  3 ) .
The joint r o s e s  f o r  the  W e s tw o o d  A and B 
sites (Fig. 23) a r e  l e s s  s i m i l a r  th a n  w ould  be 
expected f ro m  t h e i r  c l o s e  p r o x im i t y .  I n s u f f ic ie n t  
exposures and g e o lo g ic a l  i n f o r m a t i o n  a r e  a v a i l ­
able to su g g e s t  l o c a l  r e a s o n s  f o r  s u c h  d i v e r s e  
rose d ia g ra m s.  T h i s  e x a m p le  c l e a r l y  e m p h a s i s e s  
the caution n e c e s s a r y  in  a t t e m p t i n g  to  d ra w  
regional im p l ic a t io n s  f r o m  in d iv id u a l  s c a t t e r e d  
locations l ike  th o s e  u s e d  f o r  the  p r e s e n t  s tu d y .
Despite t ins v a r i a b i l i t y ,  i t  i s  c o n s i d e r e d  th a t  
the results a s  a w ho le  p r o v i d e  s o m e  e v id e n c e  to 
support the c o n c e p t  of c o n t in u i ty  of th e  j o in t  
system a c r o s s  the  o u tc r o p .  H o w e v e r ,  t h e r e  i s  
little evidence of an y  s i g n i f i c a n t  c h a n g e  in  jo in t  
pattern r e f lec t in g  the  r e p u te d  m i n o r  s t r u c t u r a l  
elements (Fig. 3).
The r e la t io n sh ip  of th e  m a j o r  in c l in e d  jo in t in g  
to the dry v a l le y s  i s  no t  s t r a i g h t f o r w a r d .  The 
latter have been s tu d i e d  in  d e t a i l  by  L e w in  (1969), 
who sum m arised  t h e i r  o r i e n t a t i o n s  in  e a c h  10 km  
grid square by r o s e  d i a g r a m s ,  w h ich  m a y  be r e a d i ly  
compared with the  r e s u l t s  of the  p r e s e n t  s u r v e y .
Dry valleys of n o r t h - e a s t  o r i e n t a t i o n  d o m in a te  
and it is im p o r ta n t  to n o te  th a t  th i s  a l i g n m e n t  i s  
against the g e n e ra l  s l o p e  of m u c h  of the  t e r r a i n ,  
which along w i111 the  a n g u l a r  to p o lo g y  s u g g e s t s  a 
preferential a d j u s tm e n t  to  th e  o r i g i n a l  jo in t in g .
The modification of joint pattern due to v a lley  
development itse lf  is  a com p lica tin g  factor in 
any comparison.
m.OlJTES AM) l iOKI/ .OSTAL  
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The Chalk of E a s t  Y o r k s h i r e  i s  c h a r a c t e r i s e d  
by the frequent and p e r s i s t e n t  d e v e lo p m e n t  of 
stylolites and th e i r  a s s o c i a t e d  m a r l  s e a m s .  T h ey  
bave not been s tu d ie d  o r  d e s c r i b e d  in  d e t a i l  in 
this formation but t h e i r  n o r m a l  o r i g i n  i s  d i s c u s s e d  
'".Appendix A. M ost c o m m o n ly  th e y  a r e  n e a r  
horizontal and p a r a l l e l  to  th e  b e d d in g ,  a s  f a r  a s  
this can be d i s c e r n e d ,  bu t o c c a s i o n a l l y  o c c u r  
along inclined p la n e s .  T h e y  r a n g e  in  v e r t i c a l  
scale from jus t  v i s i b l e  to a m p l i t u d e s  of 60 m m .  
ocally (for ex a m p le  a t  F l i x t o n  H il l ) ,  s o m e  
^'clopments with a h e ig h t  o f  th e  o r d e r  of 1.0 
'""‘ere observed.
•A summary of d a ta  c o n c e r n i n g  the  o c c u r r e n c e  
g iven in T a b l e  9. F r o m  the  d a t a  
to s ty lo lite  d e v e lo p m e n t  d o e s  n o t  a p p e a r  
® ow corre la t ion  w ith  s t r a t i g r a p h i e  h o r iz o n .
A t  th e  f o u r  s i t e s  a s s ig n e d  to the  M id d le  C h a lk ,  
a r e l a t i v e l y  u n i f o r m  s ty l o l i t e  d e n s i ty  of 6.8 to 
10.0 p e r  m e t r e  w a s  o b s e r v e d .  T h e  11 s i t e s  in  
the  U p p e r  C h a lk  sh o w ed  g r e a t  v a r i a b i l i t y  w ith  
e x t r e m e s  of 4.8 and  30.0 p e r  m e t r e  b e in g  r e c o r d e d  
a t  N a f f e r to n  G ra n g e  an d  L i t t l e  W eig h to n  
r e s p e c t i v e ly .
In  a l l  o u t c r o p s  i t  w a s  o b s e r v e d  th a t  the 
jo in t  s y s t e m  c u t  a c r o s s  bo th  the  s t y l o l i t e s  and 
m o s t  f l in t  b an d s .  T h e r e  i s  th u s  l i t t l e  r e a s o n  to  
s u p p o s e  th a t  the l a r g e  n u m b e r s  of t h e s e  s e c o n d a r y  
f e a t u r e s  could  t h e m s e l v e s  l e a d  to  f r e q u e n t  p e r c h i n g  
o r  co n f in in g  w ith in  the  C h a lk  a q u i f e r .
T he  n u m b e r  of c o n t in u o u s  h o r i z o n t a l  
d i s c o n t in u i t i e s ,  o th e r  th a n  the  p r e d o m i n a n t  
s t y l o l i t e s ,  w e r e  a l s o  r e c o r d e d  a t  e a c h  f a c e  
m e a s u r e d  (T a b le  9); t h e i r  a v e r a g e  d e n s i t y  r a n g e s  
f r o m  0.6  to  3.6 p e r  m e t r e .  T he  t e r m  h o r i z o n t a l  
d i s c o n t in u i t i e s  i s  u s e d  and  th e y  m a y  in  f a c t  be 
b e d d in g  s e p a r a t i o n  p l a n e s ,  b u t  G a l lo i s ,  R. W. 
( p e r s o n a l  c o m m u n ic a t io n )  c o n s i d e r s  th a t  m a n y  
s u c h  f e a t u r e s  in  the C h a lk  a r e  v e r y  low a n g le  
s h e a r  j o in t s  f o r m e d  a t  i n t e r f a c e s  b e tw e e n  a h a r d  
i n d u r a t e d  bed  an d  e i t h e r  m a r l  b a n d s  o r  m a r l y  
h o r i z o n s .  T he  s h e a r i n g  m a y  a l s o  h a v e  b e e n  
r e s p o n s i b l e  f o r  the  f o r m a t io n  of n u m e r o u s  m a r l y  
w is p s  o b s e r v e d  in  the  C ha lk  a t  m a n y  l o c a l i t i e s .
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S u m m a r y
The e s t im a te d  a v e r a g e  r a t e  of long t e r m  r e p l e n i s h m e n t  (53 000 M l /a )  of the  C ha lk  a q u i f e r  in 
East Y orks li ire  sou th  of the  la t i tu d e  of I le m p h o lm e  L ock ,  e x c e e d e d  the  1972 a c tu a l  a b s t r a c t i o n  
(37 OÜÜ M l/a )  but w as  l e s s  th a n  th e  l i c e n s e d  1972 a b s t r a c t i o n  (70 000 M l / a ) .  T h e  m a j o r  s o u r c e  of 
error in e s t im a t in g  to ta l  r e p l e n i s h m e n t  is  the  in f i l t r a t io n ,  p a r t i c u l a r l y  th a t  th ro u g h  the  up land  
bou lder clays .  S o m e  75 p e r  ce n t  of th e  to ta l  a b s t r a c t i o n  is  fo r  pu b lic  w a te r - s u p p l y  and is  
concentrated w ith in  2 to  8 km  of th e  H u m b er .
In y e a r s  of s e v e r e  d ro u g h t  t h e r e  is  a d r a u g h t  of o v e r  19 000 Ml on a q u i f e r  s t o r a g e .  A d v e r s e  
s i d e - e f f e c t s  a r e  f a l l in g  g r o u n d w a te r  l e v e l s ,  r e d u c t io n s  in w e ll  y ie ld s ,  c o m p e t i t io n  b e tw e en  
a b s tr a c to r s  and , in th e  s o u th ,  r i s k  of i n c r e a s e d  s a l in e  i n t r u s io n .  T h e  m a in  s a l in e  in t r u s io n  f ro n t  
is in K in g s to n -u p o n -H u l l ,  w ith  a m in o r  f ro n t  dev e lo p in g  i n t e r m i t t e n t ly  a t  H e s s le .  T h e  q u a l i ty  of the  
D u n sw ell so u r c e ,  on th e  o th e r  hand ,  a p p e a r s  to be i n t e r m i t t e n t ly  t h r e a t e n e d  by s a l in e  p a l a e o -  
g r o u n d w a te r  f ro m  b e n e a th  H o ld e r n e s s .
It is r e m a r k a b l e ,  b e a r in g  in m ind  th e  s i z e  and  d i s t r ib u t io n  of a b s t r a c t io n ,  th e  s a l in e  i n t r u s io n  
is not c o n s id e rab ly  w o r s e .  T h i s  a p p e a r s  to  be due to  r a p id  n a t u r a l  r e d u c t io n s  in a q u i f e r  t r a n s ­
missivity to w a rd s  the  H u m b e r  and H o ld e r n e s s .  T h e  p r e s e n t  s i tu a t io n  d o e s  not ju s t i fy  an  im m e d ia t e  
cutback in a b s t r a c t i o n  o r  s p e c i f i c  e n g in e e r in g  w o rk s  to c o n t ro l  s a l in e  i n t r u s io n .  A p r o g r e s s i v e  
redistribution of  m a j o r  g r o u n d w a te r  a b s t r a c t i o n ,  h o w e v e r ,  i s  s t r o n g ly  r e c o m m e n d e d  a s  th e  m o s t  
efficient m ethod of g r o u n d w a te r  r e s o u r c e s  m a n a g e m e n t .
.Som m aire
Le d(fbil m oyen  é v a lu e  du r e m p l i s s a g e  à long t e r m e  (53 000 M l /a )  de  1' a q u i f ê r e  c r a y e u x  en 
East Yorkshire ,  a u  sud  de  la  l a t i tu d e  de  H e m p h o lm e  Lock , a d é p a s s é  en 1972 l ' e x t r a c t i o n  v é r i t a b l e  
(37 0 00 M l/a) m a is  il  n ' a p a s  a t t e i n t  l ' e x t r a c t i o n  a u t o r i s é e  (70 000 M l / a ) .  La  s o u r c e  m a j e u r e  d' 
erreur dans l 'é v a lu a t io n  du r e m p l i s s a g e  to ta l  e s t  l ' i n f i l t r a t i o n ,  s u r to u t  c e l l e  ^  t r a v e r s  des  
argiles à blocaux aux  h a u te s  t e r r e s .  De l ' e x t r a c t i o n  to ta le ,  e n v i ro n  75% e s t  p o u r  la  p r o v i s io n  
publiqué et e l le  s e  c o n c e n t r e  d an s  2 .8  km  de la  H u m b e r .
Pendant le s  a n n é e s  de  s é c h e r e s s e  s é v è r e  l ' e x t r a c t i o n  s e  m o n te  à  p lu s  de 19 000 Ml 
provenant de l ' a q u i f è r e .  P a r  c o n s é q u e n t  l e s  r iv e a u x  d 'e a u  s o u t e r r a i n e  to m b e n t ,  le  r e n d e m e n t  d e s  
puits est réduit ,  la c o n c u r r e n c e  p a r m i  l e s  e x t r a c t e u r s ,  e t  le  r i s q u e  d ' i n t r u s i o n  s a l in e  a u g m e n te n t .
Le front p r in c ip a le  d ' i n t r u s i o n  s a l i n e  e s t  d an s  K in g s to n - u p on-H u l l ,  avec  un f ro n t  de  m o in d r e  
importance qui s e  m o n t r e  p a r  i n t e r v a l l e s  à  H e s s l e .  D 'a u t r e  p a r t  la  q u a l i té  de la  s o u r c e  à  
Dunswell se m b le  ê t r e  m e n a c é e  p a r  i n t e r v a l l e s  p a r  l ' e a u  s a l in e  p a lé o  s o u t e r r a i n e  de d e s s o u s  
Holderness.
Tout en c o n s id é r a n t  1' é t e n d u e  e t  l a  d i s t r i b u t io n  de 1' e x t r a c t io n ,  il  e s t  r e m a r q u a b l e  que 
l'intrusion sa l in e  n ' e s t  p a s  b e a u c o u p  p lu s  im p o r t a n t e .  C e c i  s e m b le  ê t r e  a t t r i b u a b le  aux  r é d u c t io n s  
naturelles ra p id e s  d a n s  la  t r a n s m i s s i b i l i t é  v e r s  la  H u m b e r  et v e r s  H o ld e r n e s s .  La s i tu a t io n  
actuelle ne ju s t i f ie  p a s  une r é d u c t io n  i m m é d ia t e  de  l 'e x t r a c t i o n ,  on d es  t r a v a u x  m é c a n iq u e s  
spécifiques pour  r é g l e r  l ’i n t r u s io n  s a l i n e .  On r e c o m m e n d e  f o r te m e n t ,  c e p a n d a n t ,  la  r e d i s t r i b u t io n  
progressive de l ' e x t r a c t i o n  m a j e u r e  d 'e a u  s o u t e r r a i n e  p a r c e  que c ' e s t  la  m é th o d e  la  p lu s  e f f ica ce  
dérégler les r e s s o u r c e s  en eaux  s o u t e r r a i n e s .
Ziisamincnfas.sung
Die berechnete  d u r c h s c h n i t t l i c h e  G e sc h w in d ig k e i t  von l a n g f r i s t i g e r  Auffüllung (53 000 M l /a )
K re id e g ru n d w a sse r le i te r s  in E a s t  Y 'o rk s h i r e  sü d l i c h  von d e r  B r e i t e  von H e m p h o lm e  L ock  w a r  
grOsser als d e r  1972 w i r k l i c h e  A b s t r a k t i o n  (37 000 M l / a )  a b e r  w a r  w e n ig e r  a l s  d ie  g e s t a t t e t e  1972 
bstraktion. Die H a u p t f e h le r q u e l l e  im  S c h a tz e n  von d e r  to ta le n  Auffüllung i s t  d ie  E in s ic k e r u n g ,  
auptsachlich d ie jen ig e  d u r c h  d ie  H o c h b lo c k le h m e .  E tw a  75% von d e r  gan z en  A b s t r a k t io n  i s t  fu r  
Volkswasserleitungs s y s t e m  und i s t  in 2 .8 k m  vom  H u m b e r  k o n z e n t r i e r t .
In Jahren von s c h w e r e r  T r o c k e n h e i t  g ib t e s  e in en  Z ug  von ü b e r  19 000 Ml von d e r  
'^’ündwasserlei terslagerung. U n g ü n s t ig e  N eb e n w irk u n g e n  s in d  fa l len d e  G ru n d w a s s e r h b h e n ,
®rminderungen in B r u n n e n a b f lu s s  s p e n d e n ,  R iv a l i ta t  z w is c h e n  d e n jen ig e n ,  d ie  f u r  das  A b z iehen
fantwürtlich s ind ,  und a u c h ,  im  S uden ,  G e fa h r  von e r h o h t e r  S a lz in t r u s io n .  D e r  H a u p ts a lz -
v i i
in trusions r e g io n  i s t  in K in g s to n -  upon- Hull m i t  e i n e r  k le in e r e n  F r o n t ,  d ie  s ic h  in  H e s s l e  
abwechselnd e n tw ic k e l t .  Die Q u a l i ta t  von d e r  D unsw ell  Q u e l le  a n d e r s e i t s  s c h e in t  a b w e c h s e ln d  
von S a lz p a lU o g ru n d w a s s e r  von u n te r  H o ld e r n e s s  g e d r o h t  zu  s e in .
Wenn m a n  d ie  G rU sse  und d ie  V e r b r e i tu n g  d e r  A b s t r a k t io n  u b e r le g t ,  i s t  e s  m e r k w ü r d ig ,  d a s s  
die S a lz in t r u s io n  n ic h t  b e d e u te n d  g r o s s e r  i s t .  S c h e in b a r  i s t  d i e s e  e ine  N ach fo lge  d e r  s c h n e l l e n  
natürl ichen  R e d u k t io n e n  in G r u n d w a s s e r l e i t e r ü b e r t r a g u n g  n ac h  d e m  H u m b e r  und H o ld e r n e s s .  D ie  
gegenwHrtige S i tu a t io n  b e r e c h t i g t  n ic h t  e in  s o f o r t i g e s  E in sc h r 'â n k e n  in  A b s tra lc t io n  o d e r  b e s o n d e r e  
technische A n la g e n ,  um  d ie  S a lz in t r u s io n  e in zusch rU nken .  D r ig e n d  a b e r  e m p fe h l t  m a n  e in e  
fo r ts c h r i t t l ic h e  N e u v e r t e i l u n g  von g r o s s e r e r  G r u n d w a s s e r - a b s t r a k t i o n  a l s  d ie  e r g i e b i g s t e  E i n -  
richtung von G r u n d w a s s e r m i t t e l .
Vlll
Ciiouiulwaier resource developm ent and saline water intrusion  
in the Chalk aquifer of North H um berside
s. s. I). F o s t e r ,  F. L. P a r r y  a n d  P . J .  C h i l t o n
liuroclurtioii
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The g ro u n d w a te r  r e s o u r c e s  of the  C ha lk  
aquifer have long b e e n  h e a v i ly  d e v e lo p e d  on 
North H um bers ide  fo r  K in g s to n - u p o n - H u l l  w a te r  
supply (Fig. 1). T h e  p r i n c i p a l  p u b lic  g r o u n d w a te r  
supply so u rce s  a r e  lo c a te d  im m e d ia t e ly  to the  
west and north  of th e  c i ty  (F ig .  2) and  c u r r e n t l y  
have an e s t im a te d  c o m b in e d  d ro u g h t  y ie ld  of 
about 70 M l/d .  T h e s e  s o u r c e s ,  t o g e t h e r  w ith  a 
river intake w o rk s  on th e  Hull a t  H e m p h o lm e  
Lock (Fig. 2), supp ly  a l l  of N o r th  H u m b e r s id e  
and much of H o ld e r n e s s ,  an  a r e a  w ith  a to ta l  
population a p p ro a c h in g  500 000.
Humberside h a s  by B r i t i s h  s t a n d a r d s  s o m e ­
thing of a h is to ry  of w a te r  d e f ic ie n c y  and  s h o r t ­
age, particu larly  s in c e  th e  l a te  1940s (F ig .  1); 
the effects have been  a t  b e s t  in c o n v e n ie n t ,  a t  
worst insanitary  and  d i s r u p t i v e  ( J o n e s ,  1955). 
Industrial w a te r  r e q u i r e m e n t s  h a v e  a lw a y s  been  
a large item in the  to ta l  d e m a n d  of th e  H u m b e r ­
side area und w hile  s ig n i f i c a n t  q u a n t i t i e s  h ave  
been abstracted by in d iv id u a l  c o m p a n ie s  f ro m  the  
Chalk,both in K in g s to n - u p o n - H u l l  an d  in B e v e r le y ,  
over the past 25 y e a r s  th i s  b u r d e n  h a s  i n c r e a s i n g ­
ly fallen on the s t a tu to r y  w a te r  u n d e r ta k in g .
Under the s t i m u lu s  of th e  H u m b e r s id e  food 
processing and p r e s e r v i n g  i n d u s t r i e s ,  r e c e n t  
years have seen  m a j o r  i n c r e a s e s  in l a r g e  s c a le  
•oarket gardening. S p ra y  i r r i g a t i o n  d e m a n d s  can  
be high and f luctuate  e n o r m o u s l y  on bo th  a  da i ly
seasonal b a s i s  and  a r e  th u s  d i f f ic u l t  and 
costly to accom m odate  f r o m  a p u b l ic - s u p p ly  
distribution ne tw ork .  In th e  a b s e n c e  of  r e l i a b l e  
®'irface sources they  a r e  m o s t  e c o n o m ic a l ly  m e t  
) direct g roundw ate r  a b s t r a c t i o n  f r o m  in d iv id u a l  
private boreholes. O v er  70 b o r e h o le s  a r e
licenced
ihe
io a b s t r a c t  fo r  a g r i c u l t u r a l  p u r p o s e s  in
principal m a rk e t  g a r d e n in g  a r e a  b e tw e en
l l^ngston- Upon-Hull and B e v e r l e y .  In e x t r e m eJ r c i  $ 111
g^ht there is u n fo r tu n a te  c o m p e t i t io n  fo r  the
a v a i l a b le  g r o u n d w a te r  s t o r a g e  b e tw een  pu b lic  
and  p r iv a t e  a b s t r a c t o r s .
T he  s o u r c e  of m o s t  of the  g r o u n d w a te r  
a b s t r a c t e d  in th e  H u m b e r s id e  a r e a  is  in f i l t r a t in g  
r a in f a l l  on the  C ha lk  o u tc ro p  o r  in ta k e  a r e a  to 
th e  w es t  and  n o r t h - w e s t  (F ig .  2). In th e  N o rth  
H u m b e r s id e  a r e a  th e  C ha lk  a q u i f e r  i s  bounded 
in  m o s t  o th e r  d i r e c t io n s  by b o d ie s  of s a l in e  
w a te r ;  p o o r  qua l i ty  w a te r  i s  a l s o  p r e s e n t  a t  the  
s u r f a c e  in the  t id a l  r e a c h e s  of th e  Hull and  i ts  
a s s o c i a t e d  d r a in a g e  s y s t e m s .  When the  r a t e  
of a b s t r a c t i o n  e x c e e d s  th a t  of f r e s h w a t e r  
r e p l e n i s h m e n t  t h e r e  is  c o n s id e r a b l e  r i s k  of 
s a l in e  w a te r  i n t r u s io n .  In the  old in d u s t r i a l  
a r e a s  of K in g s to n -u p o n -H u l l  lo c a l  o v e r - p u m p in g  
led  to  th is  cond i t ion  be tw e en  20 and  50 y e a r s  
ago  (G ray ,  1952); su c h  c o n d i t io n s  have  a l s o  
been  r e p o r t e d  in the  G r im s b y  a r e a  of South 
H u m b e r s id e  (G ray ,  1964).
S e v e r a l  p r e v io u s  w o r k e r s  (L a p w o rth ,  1933; 
H a in s w o r th ,  1950; G ra y ,  1952) h ave  r e c o g n is e d  
the  p r in c i p a l  p r o b le m  of w a te r  m a n a g e m e n t  to 
be the  d e t e r m in a t io n  of th e  m a x im u m  r e l i a b l e  
y ie ld  and  g r o u n d w a te r  f lo w -f ro n ta g e  of the  
m a in  a r e a  of N orth  H u m b e r s id e  g r o u n d w a te r  
a b s t r a c t i o n ,  and  in p a r t i c u l a r  the  m a jo r  public  
supp ly  s o u r c e s  in th a t  a r e a ,  and th u s  the  
e v a lu a t io n  of the  r i s k  of f u r t h e r  e n c r o a c h m e n t  
of s a l in e  w a te r  in to  the  C ha lk  a q u i f e r .
/T Rros t:  .4A7) SCOPE OF THE REPORT
T h is  r e p o r t  r e - e x a m i n e s  the  s t a te  of g r o u n d ­
w a te r  r e s o u r c e s  on N o rth  H u m b e r s id e .  I ts  
p r i m a r y  p u r p o s e  is  to e s t a b l i s h  a s  a c c u r a t e ly  
a s  p o s s i b l e  the  s t a t e  of b a la n c e  be tw een  g r o u n d ­
w a te r  r e p l e n i s h m e n t  and a b s t r a c t io n  in th e  a r e a ,  
to  p r o v id e  a  c o m p r e h e n s iv e  b a s i s  fo r  th e  f u tu re  
m a n a g e m e n t  of t h e s e  v a lu a b le  r e s o u r c e s  and  to  
c o n s id e r  p o s s ib le  m o d if ic a t io n s  in t h e i r  m ode  of 
d e p lo y m e n t .  In th is  c o n n e c t io n  it i s  n e c e s s a r y  
to  c o n s id e r  the  e n t i r e  h y d ro lo g ic a l  s y s t e m  of
Tophil l L o w /  
H e m p h o l m e  L o c k  
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(Chalk aquifer)
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Fig. 1. G ro w th  of d e m a n d  and  d e v e lo p m e n t  of w a te r - s u p p l i e s  on n o r th  H u m b e r s id e
the Chalk a s  f a r  n o r th  a s  th e  l a t i tu d e  of 
Hempholme Lock ( F ig .  2). It is  c o m p le m e n ta r y  
to another ( F o s t e r  and  M il ton ,  in  p r e s s ) ,  w hich  
deals with the h y d ro lo g y  an d  p o te n t ia l  d e v e lo p ­
ment of g ro u n d w a te r  s t o r a g e  c a p a c i ty  in the  
unexploited p a r t  of th e  F a s t  Y o r k s h i r e  C ha lk  to 
the north of the  la t i tu d e  o f  H e m p h o lm e  L o ck .
Since the l a s t ' r e p o r t  on the  a r e a  (G ra y ,
1952), more a c c u r a t e  and  c o n t in u o u s  r e c o r d s  
of groundwater a b s t r a c t i o n  f r o m  th e  C ha lk  have  
accumulated th ro u g h  s y s t e m s  of s t a tu to r y  
returns. O ther  new d a t a  p r e s e n t e d  o r  u se d  in 
this report in c lu d es  c o m p r e h e n s i v e  g r o u n d w a te r
level surveys in 1970 an d  1971, a h y d r o g e o -
chemical su rvey  in 1967 an d  1973 a n d  the  d e ta i  
cd investigations a t  E t to n  ( F ig .  2) of th e  
hydraulic b ehav iou r  of th e  C h a lk  a q u i f e r  ( F o s t e r  
atid Milton, 1974). I t  h a s  b e e n  p o s s i b l e  to  
describe the ex ten t  of s a l i n e  w a t e r  i n t r u s i o n  in 
some detail on t h r e e  o c c a s i o n s  in  t h e  p e r io d  
1951-1973 and c o m p a r e  it  to  v a r i a t i o n s  in the  
amount and d is t r ib u t io n  of g r o u n d w a te r  
abstraction, u s ing  th e  o p e r a t i n g  r e c o r d s  of th e
K in g s to n -u p o n -H u l l  CBC s o u r c e s .
The p r e s e n t  in v e s t ig a t io n  i s  r e s t r i c t e d  by 
th r e e  d e f ic ie n c ie s  in  da ta .
1. T h e r e  is  a  la ck  of d e ta i le d  s tu d y  on i n f i l t r a ­
tion  to the  Cha lk ,  e i t h e r  by d i r e c t  o r  i n d i r e c t  
m e th o d s .  T h u s ,  the  e r r o r s  in e s t im a t in g  the  
to ta l  r e c h a r g e  m a y  be c o n s id e r a b l e ,  l im i t in g  
the  a c c u r a c y  of th e  g r o u n d w a te r  b a la n c e  o v e r a l l .
2. T h e r e  a r e  no c r i t i c a l l y  s i t e d  o b s e r v a t io n  
b o r e h o le s  f o r  e l e c t r i c a l  co n d u c t iv i ty  logg ing  and  
dep th  s a m p l in g .  It is  t h e r e f o r e  c u r r e n t l y  not 
p o s s ib le  to d e t e r m in e  p r e c i s e l y  e i t h e r  the  
lo c a t io n  o r  the  m o v e m e n t  of th e  s a l in e  w a te r  
in te r f a c e  o r  m ix ing  f ro n t  th ro u g h  a  t im e  s e q u e n c e  
of h y d ro lo g ic a l  co n d i t io n s .
3. T h e r e  have  been  no s a t i s f a c to r y  h y d r o lo g ic a l  
pum ping  t e s t s  co nduc ted  in the  K in g s to n -u p o n -  
Hull a r e a ,  n o r  in the  s o u th e r n m o s t  p a r t  of the  
W olds ,  and  in f o rm a t io n  on a q u i f e r  p r o p e r t i e s  
and h y d ra u l ic  b o u n d a r ie s  h a s  had  to  be e x t r a -
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F ig .  2. N o r th  H u m b e r s id e  - g e n e r a l  lo c a t io n  m ap
polated from  in v e s t ig a t io n s  a t  E t to n  and  e l s e ­
where.
These data  d e f i c i e n c i e s ,  p a r t i c u l a r l y  2 and  
3, would have to  be  s a t i s f i e d  b e f o r e  any  m a j o r  
changes in the g r o u n d w a te r  a b s t r a c t i o n  r e g i m e  
or measures to  c o n t r o l  s a l i n e  w a t e r  i n t r u s io n  
could be des igned .
The Geological and H ydraulic Character 
o( the Aquifer
a/d/.K S T K A T K . H . A r U y  A M )  S T l i l ' C T C I i E
The Chalk of E a s t  Y o r k s h i r e  c o m p r i s e s  a  
^iform sequence of p u r e  w h i te  l im e s t o n e s  w ith  
3 maximum th ic k n e s s  in  e x c e s s  of 420 m . 
M icroscopically t h e s e  l i m e s t o n e s  a r e  c o m p o s e d  
primarily o f a m a t r ix  of p l a t e s  of m in u te  
spheroidal o rg an ic  b o d ie s  ( c o c c o l i t h s )  l e s s  th a n  
 ^ in d ia m e te r ,  in w h ich  o c c a s i o n a l  l a r g e r  
particles a r e  e m b ed d e d  (B la c k .  1953; H ancock  
and Kennedy, 1967). W hile  t h e r e  a r e  s o m e  
^^riations in p h y s ic a l  p r o p e r t i e s  in th e  v e r t i c a l  
Sequence, and both w e a th e r in g  an d  the  p r e s e n c e
of s e c o n d a ry  s t r u c t u r e s  m a y  h av e  induced  
m o d i f ic a t io n s ,  th e  r o c k  m a t e r i a l  n o r m a l ly  
p o s s e s s e s  on ly  m o d e r a t e  p o r o s i ty  (0.13 to  0.21), 
l e s s  than  i t s  s t r a t i g r a p h i e  e q u iv a le n ts  in so u th ­
e r n  E ng land ,  and  v e r y  low i n t e r g r a n u l a r  
p e r m e a b i l i t y  ( F o s t e r  and  M il ton ,  in  p r e s s ) .  The 
Im p l ic a t io n  i s  of ex c ee d in g ly  s m a l l  p o r e  
d i a m e t e r s  and th is  is  b o r n e  out by the  v e r y  low 
sp e c i f ic  y ie ld s  (m a in ly  l e s s  th a n  0.003) ob ta ined  
f ro m  c o r e  s a m p le s  in l a b o r a to r y  c e n t r i f u g e  t e s t s .  
Both flow and  s to r a g e  of g r o u n d w a te r ,  in th e  
s a t u r a t e d  zone ,  m u s t  be e s s e n t i a l l y  confined  to 
p h y s ic a l  d i s c o n t in u i t ie s  in th e  ro c k  m a s s ,  jo in t s  
and  l e s s  r e g u l a r  f i s s u r e s ,  e n la r g e d  lo c a l ly  by 
so lu t io n .
T h e  s e q u e n c e  of l im e s t o n e s  i s  b ro k e n  by 
o c c a s io n a l  but p e r s i s t e n t  p r i m a r y  m a r l s ,  r a r e l y  
m o r e  th a n  50 m m  in  th ic k n e s s ,  and m o r e  
f re q u e n t ly  by s e c o n d a ry  f e a tu r e s ,  no tab ly  
n o d u la r  and t a b u la r  f l in t bands  up to  300 m m  in 
th ic k n e s s  and  s ty lo l i t i c  so lu t io n  f e a t u r e s  w ith  
a s s o c i a t e d  m a r l  s e a m s .
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The su b d iv is io n  of the  E a s t  Y o r k s h i r e  
Chalk and the s t r a t i g r a p h i e  v a l id i ty  of e x i s t in g  
subdivisions r e m a in  u n d e r  s tu d y  (Wood, C . J . ,  
p erso n a l c o m m u n ic a t io n ) .  At p r e s e n t  i t  is  
probably only p r a c t i c a l  fo r  h y d r o lo g ic a l  
rooses to r e c o g n i s e  tw o s u b d iv i s io n s  of the  
Chalk, nam ely ,  th e  L o w e r  C h a lk ,  bounded  
above'and below by th e  B lack  Band and  th e  Red 
Chalk r e sp e c t iv e ly ,  and  th e  o v e r ly in g  und iv ided  
Middle/Upper C h a lk .  T h e  l a t t e r  is  h y d r o - 
logically the m o r e  im p o r t a n t .  It is  a u n ifo rm  
sequence but f l in ts  a r e  th o u g h t  to  be f r e q u e n t  
only in the b a s a l  140 to  180 m; th e  to ta l  th i c k ­
ness may exceed  300 m  in p l a c e s ,  but the  
actual th ickness  p r e s e n t  a t  a g iv e n  lo c a l i ty  will  
be largely dependen t  on e r o s i o n .
The a v a i la b le  d a ta  on the  g e o lo g ic a l  
structure and o c c u r r e n c e  of jo in t s  an d  d i s ­
continuities in the  E a s t  Y o r k s h i r e  C h a lk  h ave  
already been s u m m a r i s e d  ( F o s t e r  and  M il ton ,  
in press). T he  s o u th e r n  Y o r k s h i r e  W olds 
represent the w e s t e r n  p a r t  of th e  o u tc r o p  of  an  
open s o u th -e a s te r ly  p lu n g in g  sy n c l in e ;  the  dip 
of the Chalk is  to the  e a s t  and  g e n e r a l ly  l e s s  
than 2®, except w h e r e  t e c to n ic  and  s u p e r f i c i a l  
disturbances a r e  p r e s e n t .  T h e  m in o r  s t r u c t u r e s  
within the m ain  s y n c l in e  a r e  not fu lly  e s ta b l i s h e d ;  
there appear to be  one  o r  two m in o r  v e r y  open  
folds with w e s t - e a s t  a x e s  in th e  s o u th e r n  p a r t  
of the region, and  th e  p o s s i b i l i t y  of m in o r  
faults cannot be p r e c lu d e d .
The s e d im e n ta t io n  and  s t r u c t u r e  of th e  
underlying J u r a s s i c  s t r a t a  w e r e  d o m in a te d  by 
persistent but i n t e r m i t t e n t  up l i f t  c e n t r e d  on a 
belt running w e s t - e a s t  a c r o s s  the  a r e a  
immediately n o r th  of th e  l a t i tu d e  of M a rk e t  
Weighton (Kent, 1955); o n ly  r e l a t i v e l y  m i ld  
influences, h o w ev e r ,  a p p e a r  to  be p r e s e n t  in 
the Cretaceous s e d im e n ta t i o n .  W hen t r a c e d  
northwards f ro m  th e  H u m b e r ,  the  b a s e  of th e  
Chalk oversteps e a c h  m e m b e r  of th e  J u r a s s i c  
sequence and r e s t s  on a  v a r i e t y  of  r o c k  ty p e s  
down to the L ow er  L i a s .  T h e  m a j o r i t y  of th e s e  
strata are v ir tu a l ly  a q u i c lu d e s  but t h e r e  a r e  
some relatively p e r m e a b l e  f o r m a t i o n s  in th e  
Jurassic sequence w h ich ,  o v e r  l im i t e d  a r e a s  
close to the e s c a r p m e n t ,  a r e  p r o b a b ly  in 
hydraulic continuity  w ith  th e  C h a lk  ( F o s t e r ,
1968); th is  factor  m a y  in f lu e n c e  th e  p o s i t i o n  o f  
Ihe Chalk groundw ater  d iv id e  l o c a l l y .
In East Y o rk s h i r e  t h e r e  a r c  no s t r a t a  
‘■^presenting the T e r t i a r y ,  d u r in g  w h ich  th e  . 
«formation of the  C ha lk  s t r a t a ,  in c lu d in g  the  
0ding of the m ain  s y n c l in e ,  o c c u r r e d .  T h i s  
an extended p e r io d  of  up l i f t  an d  d en u d a t io n ;
and o t h e r  e s s e n t i a l  f e a t u r e s  of  
present topography w e r e  d e v e lo p e d  and  
onsiderable t h i c k n e s s e s  o f  the  u p p e r m o s t
d iv i s io n s  of the  C ha lk  e r o d e d  f r o m  the  h ig h e r  
g ro u n d  and the  c r e s t  of th e  e x i s t in g  e s c a r p m e n t .  
T h e  T e r t i a r y  to p o g ra p h y  w as  then  m o d if ie d  by 
Q u a te r n a r y  p r o c e s s e s  w hich  a f f e c te d  th e  C ha lk  
g r o u n d w a te r  r e s e r v o i r  in two w a y s ,  f i r s t l y  by 
the  e r o s i o n  and  w e a th e r in g  of i t s  s u r f i c i a l  l a y e r s  
a t  l e v e l s  now below  h y d r o lo g ic a l  b a s e  l e v e l ,  and  
se c o n d ly  by th e  d e p o s i t io n  in the  l o w e r  ly in g  
a r e a s  of a c o v e r  of m a in ly  low p e r m e a b i l i t y  
m a t e r i a l s .  T h is  had the  e f fec t  of con f in ing  th e  
c h a lk  g r o u n d w a te r  and a l lo w in g  on ly  l o c a l i s e d  
d i s c h a r g e  o r  re d u c in g  r a t e s  of i n f i l t r a t i o n  and  
g e n e r a t in g  s u r f a c e  r u n -o f f .
T h e  b u r ie d  e r o s io n  s u r f a c e  of th e  C ha lk  
( the  r o c k - h e a d )  h a s  bee n  co n to u re d  f r o m  the  
e v id e n c e  of abou t  250 b o r e h o le s  co n ta in e d  in th e  
I n s t i t u t e ' s  r e c o r d s  (F ig .  3); th is  m a p  is  an  
e x te n s io n  of  th a t  p r e v io u s ly  p r e p a r e d  fo r  the  
n o r t h e r n  p a r t  of th e  re g io n  ( F o s t e r  and M il ton ,  
in p r e s s ) .  Tw o d i s t in c t  ty p e s  of e r o s io n a l  
f e a tu r e ,  a b u r ie d  c o a s t l in e  and s o m e  m a j o r  
b u r ie d  c h a n n e l s ,  a r e  r e v e a l e d .  T h e  b u r ie d  
c o a s t l i n e  i s  a  c o n t in u a t io n  of the  f e a tu r e  th a t  
r u n s  in th e  s u b s u r f a c e  f r o m  n o r t h - e a s t  of 
B r id l in g to n  a lo n g  the  e a s t e r n  f lank  of the  W olds ,  
co n t in u in g  (F ig .  3) to  m e e t  th e  H u m b e r  Gap n e a r  
H e s s l e .  L o ca l ly  it r e a c h e s  th e  d im e n s io n  of a 
b u r ie d  c l i f f .  In i t s  v ic in i ty  the  b u r ie d  s u r f a c e  
of th e  C ha lk  h a s  e x p e r ie n c e d  m a r i n e  e r o s io n  and 
e x c e p t io n a l ly  h igh  p e r m e a b i l i t y  is  l ik e ly  to be 
a s s o c i a t e d  w ith  deep  f i s s u r in g  and b e a c h  d e p o s i t s ;  
the  f e a tu r e  a s  a  whole is  p o te n t ia l ly  of m a j o r  
s ig n i f ic a n c e  to r e g io n a l  h y d ro lo g y  and  g r o u n d ­
w a te r  d e v e lo p m e n t  ( F o s t e r  and M il ton ,  in p r e s s ) .
W ithin  the  a r e a  i l l u s t r a t e d  in  F ig .  3, t h e r e  
a r e  t h r e e  m a j o r  b u r ie d  c h a n n e ls ;  th a t  b e n e a th  
H o rn s e a ,  the  H u m b e r  B u r ie d  C h a n n e l  and 
th e  s o - c a l l e d  K irm in g to n  F jo r d ,  w h ich  co n t in u es  
in to  n o r th  L in c o ln s h i r e .  Of m o s t  s ig n i f ic a n c e  
h e r e  is  th e  b u r ie d  ch a n n e l  s y s t e m  of the  
H u m b e r .  E a s t  of H e s s le  i t  d e p a r t s  f r o m  the  
c o u r s e  of the  e x is t in g  r i v e r  and is  lo c a te d  to the  
n o r th  of the  n o r th e r n  bank  in  th e  K in g s to n -u p o n -  
Hull c i ty  c e n t r e ,  t h e r e a f t e r  con t inu ing  
a p p r o x im a te ly  due e a s t  b e n e a th  s o u th e rn  
H o ld e r n e s s .
T h ro u g h o u t  E a s t  Y o r k s h i r e  the  s u r f a c e  
l a y e r s  of the  C ha lk ,  w h e th e r  o r  not d r i f t  c o v e r e d ,  
hav e  been  a f f e c te d  by P le i s to c e n e  c r y o tu r b a t io n  
( f r e e z e - th a w )  p r o c e s s e s .  In m any  p la c e s  a  
l a y e r  up to  10 m  th ic k  of i n - s i t u  b ro k e n  up 
ch a lk  ( c a l le d  'c h a lk  b e a r in g s '  by w a te r  w ell  
d r i l l e r s )  o r  a  r e d i s t r i b u t e d  c h a lk - f l in t  g r a v e l  
a r e  p r e s e n t  and  ca n  be r e s p o n s ib le  f o r  g r o s s  
p e r m e a b i l i t y  v a r i a t i o n s .  L o c a l  d i f f e r e n c e s  in 
i c e  a c t io n  a p p e a r  to  be r e s p o n s i b l e  f o r  d e v e lo p ­
m e n t  of im p e r m e a b le  'p u t ty - c h a lk '  up to 3 m  
th ic k ,  r e p l a c in g  th e  b e a r in g s  a t  a few s c a t t e r e d
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The la n d sc a p e  of the  C ha lk  o u tc ro p  in the  
southern  Y o rk s h i r e  W olds  is  d o m in a te d  by the  
dry valley ne tw ork  w hich  d a t e s  bac k  to  the  
T er t ia ry /Q oa te rnary  p e r i o d s .  M ost  of th i s  
network does not,  it w ould  s e e m ,  b e a r  d i r e c t ly  
on the presen t day h y d ro g e o lo g y  of th e  C ha lk  
because of the c o n s i d e r a b l e  dep th  to  th e  w a te r
table.
j^ T O N  T H E  W A T E R  T A B L E
The boundary  betw ee n  th e  z o n e s  of 
aeration and s a t u r a t i o n  in th e  o u tc ro p  a r e a  of 
the East Y o rk s h i r e  C ha lk  a p p e a r s  g e n e r a l ly  to 
be that of a s im p le  w a te r  t a b le .  I n v e s t ig a t i o n s  
of the water ta b le  a q u i f e r  in  th e  E t to n  a r e a  
(Fig. 2) have been  d o c u m e n te d  in d e p e n d e n t ly  
( F o s t e r  and M ilton, 1974). T h e y  c e n t r e d  a ro u n d  
a series of h y d ro lo g ic a l  p u m p in g  t e s t s  d u r in g  
which the level of c o n t r o l  o v e r  e x p e r im e n t a l  
conditions was in m o s t  r e s p e c t s  e x c e p t io n a l .  
Supporting data w e r e  o b ta in e d  by g e o p h y s ic a l  
borehole flow in v e s t ig a t io n s  and  by m o n i to r in g  
the natural r e c e s s i o n  of  g r o u n d w a te r  l e v e l s .
The Etton in v e s t ig a t io n s  led  to  a  n u m b e r  of 
important co n c lu s io n s  on th e  h y d r a u l i c s  of the 
water table a q u i fe r .  T h e  e x i s t e n c e  of a 
laminar (Darcy) flow r e g i m e  w a s  c o n f i r m e d  even  
for high pumping r a t e s  a t  d i s t a n c e s  down to 
122 m from the po in t o f  a b s t r a c t i o n .  T h e  
unsteady sta te  o b s e r v a t io n  b o r e h o le  r e s p o n s e s  
to test pumping show ed  n e i t h e r  m a j o r  l a t e r a l  
hydraulic b oundar ie s  n o r  s t r o n g  l a t e r a l  
anisotropy in the  cone  of p u m p in g  d e p r e s s i o n .
At near minimum g r o u n d w a te r  l e v e l s  in 
October 1970, T  ( t r a n s m i s s i v i t y )  and  S ( s t o r a g e  
coefficient) va lues  of 1000 n^^ /d  and  0 .005  w e r e  
indicated. It is  l ike ly  th a t  t l ie  l a t t e r  r e p r e s e n t s  
the effective sp e c if ic  y ie ld  (Sy) but it  is  p o s s i b l e  
that other m inor s o u r c e s  of l o n g e r  d e la y e d  
yield contributions cou ld  be p r e s e n t .  S u b se q u e n t  
test pumping in A p r i l  1971, w ith  a h ig h e r  
(although not m a x im u m )  l e v e l  o f  s a t u r a t i o n ,  
gave similar r e s u l t s  but w ith  a  m u c h  g r e a t e r  
T value (2200 m ^ /d ) ,  d e m o n s t r a t i n g  th e  
extremely high h o r iz o n ta l  p e r m e a b i l i t y  of th e  
zone of seasonal w a t e r  t a b l e  f lu c tu a t io n .
The geophysical flow in v e s t ig a t i o n s  show ed  
*e levels of en try  of g r o u n d w a te r  in to  th e  E t to n  
pyniping boreholes to  be  r e s t r i c t e d ;  a t  dep th  
®bulk of the w a te r  p u m p e d  w as  d e r iv e d  f ro m  
I zone of about 7 m t h i c k n e s s ,  w'liose b a s e  w a s .  
scaled 17 to 22 m below  Ol) a t  th e  s i t e .  T h e  
P^ ^^ sence of m arked  c h l o r i d e  r e s i d u a l s  ( the  
r? of p rev ious  a c id  t r e a t m e n t  of th e  b o r e ­holes) s'^ggfsted m in im a l  r e g io n a l  g r o u n d w a te r
' '^"'ement below about -29  m OD.
T he  C ha lk  a q u i f e r  in th e  o u tc r o p  a r e a  th u s  
a p p e a r s  to a p p r o x im a te  to  an  a r e a l l y - u n i f o r m ,  
l a y e r e d ,  high  T / lo w  Sy, l a m i n a r - f l o w ,  c a r b o n a te  
a q u i f e r  c h a r a c t e r i s e d  by f a s t  h y d r a u l i c  r e s p o n s e s  
and  m o d e r a te l y  h igh  a c tu a l  flow r a t e s .  I ts  
l a y e r e d  h y d ra u l i c  c h a r a c t e r  (F ig .  4) h a s  bee n  
c o r r o b o r a t e d  by the  a n a ly s i s  of r iv e r f lo w  and 
g r o u n d w a te r  da ta  in the  H u l l - H e m p h o lm e  
c a tc h m e n t  to  the  n o r th ;  the  s i m i l a r i t y  in  f o r m  
of g r o u n d w a te r  r e c e s s i o n s  th ro u g h o u t  th e  
Y o r k s h i r e  W olds ,  inc lud ing  th e  E t to n  a r e a ,  
s u g g e s t s  th a t  su c h  l a y e r in g  is  a w id e s p r e a d  
f e a tu r e  ( F o s t e r ,  1974). T h e  e x t r e m e l y  h igh  
p e r m e a b i l i t y  of p a r t  of th e  zone  of s e a s o n a l  
w a te r  t a b le  f lu c tu a t io n  ca n  be a t t r i b u t e d  to  
p r e f e r e n t i a l  so lu t io n  in c r e a s i n g  the  a p e r t u r e  of 
d i s c o n t in u i t ie s  in th is  p a r t  of the  r o c k  m a s s ;  
i t s  a r e a l  u n i fo rm i ty  p ro b a b ly  in d ic a t e s  th a t  
s o lu t io n  h a s  been  c o n c e n t r a te d  on h o r iz o n ta l  
d i s c o n t in u i t i e s .
C H A X G E S  D O W X ^ D I P
P e r m e a b i l i t y  d e v e lo p m e n t  in the  E a s t  
Y o r k s h i r e  Cha lk ,  a s  in o th e r  l im e s to n e  t e r r a i n s ,  
a p p e a r s  to  be  due to so lu t io n  d u r in g  the  long 
t e r m  c i r c u l a t i o n  of f r e s h  g r o u n d w a te r  to  a g iven 
b a s e  leve l;  i t  i s  thus  to  be e x p e c te d  th a t  T  v a lu e s  
w ill  i n c r e a s e  down the  d ip - s lo p e  to w a r d s  the  
d i s c h a r g e  a r e a s  on th e  f lan k s  of th e  Hull v a l le y ,  
w h e r e  the  to ta l  v o lu m e t r i c  flow m u s t  h av e  bee n  
g r e a t e s t .  At th o s e  t i m e s  in the  p o s t - C r e t a c e o u s  
h i s t o r y  when a m u c h  lo w e r  h y d r o lo g ic a l  b a s e  
le v e l  e x i s te d ,  the  d ev e lo p m e n t  of s ig n i f ic a n t  
so lu t io n  p e r m e a b i l i t y  a t  dep th  in the  C ha lk  
a q u i f e r  m igh t have  been  ex p e c ted .  T h e  
o c c u r r e n c e  of a m a jo r  flow zone  a t  a ro u n d  -10  
to -2 0  m OD a t  E t to n  m a y  be a s s o c i a t e d  with  the  
P l e i s to c e n e  b u r ie d  c h a n n e ls  and  d r a in a g e  s y s t e m .
U nder  i n c r e a s i n g  d r i f t  c o v e r  r a d i c a l  
c h a n g e s  in the  s to r a g e  c o e f f ic ie n t  (S) of the  
C h a lk  a q u i f e r  a r e  to  be ex p e c ted .  T h e  l im i te d  
e v id e n c e  f ro m  d a ta  on sp e c i f ic  c a p a c i ty  of, now 
m a in ly  d i s u s e d ,  w a te r  supp ly  b o r e h o le s  in 
H o ld e r n e s s  s u g g e s t s  a r a p id  d e c r e a s e  in T a l s o  
and  an  a p p a r e n t  a b s e n c e  of so lu t ion  p e r m e a b i l i t y  
( F o s t e r  and  M il ton ,  in p r e s s ) .
D e sp i te  i t s  t r a n s i t i o n a l  po s i t io n ,  th e  a r e a  
betw'een th e  w a t e r  t a b le  a q u i f e r  of the  W olds 
o u tc ro p  and th e  s u b a r t e s i a n  a q u i f e r  in  H o ld e r ­
n e s s  h a s  h y d r a u l i c  p r o p e r t i e s  w hich  a r e  f a r  
f r o m  t r a n s i t io n a l ;  g eo lo g ica l  f a c to r s  e x e r c i s e  
the  o v e r r id in g  c o n t ro l .  T he  p r e s e n c e  of th e  
b u r ie d  P le i s to c e n e  c o a s t l in e ,  to g e th e r  w ith  the  
s u r f i c i a l  l a y e r  of c r y o tu r b a t e d  cha lk ,  r e s u l t s  
in  th e  l ike l ihood  of e x t r e m e l y  high p e r m e a b i l i t y  
o v e r  l im i te d  a r e a s  and  s a tu r a t e d  dep th  i n t e r v a l s  
(F ig .  4). A T va lu e  in e x c e s s  of 6000 m " / d  h as  
been  s u g g e s te d  fo r  the  m o s t  p e r m e a b l e  zone  in 
the  H a is th o rp e  a r e a  to  the  n o r th  ( F o s t e r  and
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Milton, in p r e s s ) .  W h e r e v e r  p r e s e n t ,  su c h  a 
Lture c o u ld  e x e r t  m a j o r  in f lu e n c e  on the  
spread of in t e r f e r e n c e  e f f e c t s  f r o m  a c e n t r e  of
pumping*
The account by G r e e n  (1950) of th e  h y d ro -  
geological cond i t ions  e n c o u n te r e d  d u r in g  th e  
driving of new h e a d in g s  in a t t e m p t s  to  i n c r e a s e  
production of the  C o t t in g h a m  and  D unsw ell  
oublie supply s o u r c e s  a r e  f u r t h e r  in d ic a t iv e  of 
the lateral and v e r t i c a l  h e t e r o g e n e i ty  th a t  can  
be expected in the  t r a n s i t i o n a l  d o w n -d ip  zone  of 
the aquifer. At D u n sw e ll  a h o r i z o n t a l  n o r th -  
south adit about 1.5 k m  long  w as  d r iv e n  a t  a 
depth of about -29  m  OD, th e  s o u th e r n  end being 
significantly n e a r e r  to th e  C h a lk  e r o s i o n  
surface. At tha t end l a r g e  q u a n t i t i e s  of g ro u n d ­
water were e n c o u n te re d  w h ile  the  n o r t h e r n  end 
was absolutely d r y .  At C o t t in g h a m  a s e c o n d  
north-south ad i t  ab o u t  1.2 k m  long ,  in  l in e  with  
and 15 m below the  o r i g i n a l  a d i t  (a t  abou t  -3 0  m 
CD) was c o n s tru c te d ;  it w as  d r y  in th e  new 
lower adit desp i te  th e  fa c t  th a t  a b o u t  32 M l /d  
were being pum ped f r o m  th e  o v e r ly in g  C h a lk .  
Green (1950) conc luded  th a t  a l m o s t  th e  e n t i r e  
groundwater flow w a s  c o n c e n t r a t e d  in th e  top 
10 to 15 m of c r y o tu r b a t e d  c h a lk  im m e d ia t e ly  
below the confining bed  an d  th a t  no p e r m e a b i l i t y  
development at dep th  had o c c u r r e d .
Similar cond i t ions  a p p e a r  to h a v e  bee n  
encountered by w e l l - s i n k e r s  a t  n u m e r o u s  s i t e s  
in the Kingston-upon-Hull a r e a .  T h e  y i e ld -  
drawdown c h a r a c t e r i s t i c s  of p u m p in g  b o r e h o le s  
frequently show s t r o n g  b r e a k a w a y  f r o m  the  
Ineson (1959) type b e h a v io u r ,  a s  soon  a s  the  
pumping water le v e l  i s  d r a w n  below  the  p r in c i p a l  
flow horizons.
i m R A C T E R  O F  T H E  C O X F I M X O  H E D S
Drift deposits  f o r m  th e  c o n f in in g  bed of the  
Chalk aquifer and r e a c h  a  m a x im u m  th ic k n e s s  
oflSm in pa r ts  of H o l d e r n e s s .  T h e y  c o m p r i s e  
sseries of g lacia l  s e d i m e n t s ,  o v e r l a i n  in th e  
Hull Valley by a l lu v ia l  d e p o s i t s .  M o s t  im p o r ta n t  
2re the boulder c la y s ,  c o n s i d e r e d  to  be  g la c ia l  
fills or ground m o r a i n e s  of ic e  s h e e t s .  A 
<l6tailed study of th e s e  d e p o s i t s  i s  a v a i l a b l e  
iCattand Penny, I960) bu t p r o b l e m s  o c c u r  in 
fheir use for h y d ro g e o lo g ic a l  p u r p o s e s  b e c a u s e  
Hify relate a lm ost  e x c lu s iv e ly  to th e  c o a s t a l  
Exposures.
blanket
The Boulder C lay f o r m s  a c o n t in u o u s
over the C ha lk ,  b e in g  m o r e  th a n  10 m
fc throughout the  lo w e r  ly ing  la n d  ( F ig .  5); 
continues for c o n s id e r a b l e  d i s t a n c e s  e a s t w a r d s  
^^ fcath the bed of the  N o r th  S ea  and  w e s t w a r d s  
encroaches onto the  f la n k s  of the  W o ld s .  In 
^^ feral the o v e r - c o n s o l id a te d  s i l ty  c l a y s  m ig h t  
expected to p o s s e s s  low , bu t p o s s i b ly
s ig n i f ic a n t  p e r m e a b i l i t y ,  a l th o u g h  v e r y  l i t t l e  
f ie ld  d a ta  is  a v a i l a b le .  B onne ll  (1972) s u g g e s t s  
v a lu e s  of l e s s  than  0.01 m / d  below  th e  w e a th e r e d  
so i l  h o r iz o n .  T h e  p r e s e n c e  lo c a l ly  of  s a n d y  o r  
g r a v e l ly  l e n s e s ,  p ip e s  and  s t r i n g e r s  and  old 
b lo w -w e l l  f e a tu r e s  w il l  i n c r e a s e  th e  o v e r a l l  
p e r m e a b i l i t y .
T h e  p o s t - g l a c i a l  d r a in a g e  s y s t e m  in  th e  Hull 
V a lley  h a s  cu t  a b r o a d ,  open  c h a n n e l  in to  th e  
g la c ia l  d e p o s i t s  and su b s e q u e n t ly  d e p o s i te d  a 
s e r i e s  of a l lu v ia l  d e p o s i t s  (F ig .  5). p r e d o m ­
in a n tly  o r g a n ic  c la y s  and s i l t s ,  w ith  m in o r  
b o d ie s  of sa n d  and g r a v e l .  T h e  o v e r a l l  v e r t i c a l  
p e r m e a b i l i t y  of the  a l lu v ia l  d e p o s i t s  i s  l ik e ly  to  
be an  o r d e r  of m a g n itu d e  o r  m o r e  h ig h e r  th a n  
th a t  of th e  B o u ld e r  C lay s  but no l a b o r a to r y  o r  
in - s i t u  t e s t  r e s u l t s  a r e  known to be a v a i la b le .
In the  lo w e s t  r e a c h e s  of th e  Hull V a l ley ,  
th e  a l lu v ia l  d e p o s i t s  r e a c h  t h e i r  g r e a t e s t  t h i c k ­
n e s s  and m a x im u m  dep th .  C o n to u rs  d ra w n  on 
t h e i r  b a s e  f ro m  d a ta  in the  I n s t i t u t e ' s  r e c o r d s  
(F ig .  6) r e v e a l  a  sha l low  b u r ie d  ch a n n e l  fo l lo w ­
ing a p p r o x im a te ly  th e  c o u r s e  of th e  p r e s e n t  
R i v e r  Hull,  w ith  a se c o n d  b u r ie d  ch a n n e l  
e n te r in g  f r o m  a  n o r t h - w e s t e r l y  d i r e c t io n .  
C o m p a r i s o n  with c o n to u rs  on th e  C ha lk  r o c k -  
head  show s h o w e v e r  th a t  a m in im u m  of 6 m of 
g la c ia l  d e p o s i t s  s t i l l  r e m a i n  and e x a m in a t io n  of 
the  ind iv idua l  b o re h o le  lo g s  s u g g e s t  th a t  n o w h e re  
is  the  B o u ld e r  C lay  i t s e l f  r e d u c e d  to  l e s s  th a n  
4 m; ty p ic a l ly  it  i s  m o r e  th a n  doub le  th i s  t h i c k ­
n e s s .
It i s  of r e le v a n c e  to c o n s id e r  the  o r d e r  of 
o v e r a l l  v e r t i c a l  le a k a g e  c a p a c i ty  (Qv) of the 
B o u ld e r  C lay  c o v e r .  A s s u m in g  a p e r m e a b i l i t y  
of th e  o r d e r  quoted  above  and  c o n s id e r in g  a 
fu lly  s a t u r a t e d  th ic k n e s s  of 10 m , v a lu e s  of Qv 
of 1.0 M l /d  p e r  km ^ of a r e a  p e r  m e t r e  of 
v e r t i c a l  head  a r e  o b ta in ed .  U n d er  heavy  p u m p ­
ing d u r in g  low s a tu r a t i o n  c o n d i t io n s ,  i t  i s  l ik e ly  
th a t  th e  v e r t i c a l  head  a v a i la b le  fo r  dow nw ard  
le a k a g e  could  a v e r a g e  2 m  o v e r  an a r e a  of 15 km ^ 
of the  lo w e r  Hull V alley  and thus  it i s  p o s s ib le  
tha t  su c h  le a k a g e  could  be a  s ig n i f ic a n t  f a c to r  
in in c r e a s i n g  the  f r e s h  o r  b r a c k i s h  w a te r  
r e c h a r g e  f ro m  th e  land  s u r f a c e .  L o w e r  v a lu e s  
of p e r m e a b i l i t y  would r e d u c e  the  Qv c o r r e s p o n d ­
ing ly .  It i s  p o s s ib le  tha t  the  s to r a g e  of the  
d r i f t  d e p o s i t s  is  too  l im i te d  to s u s t a in  su c h  a 
le a k a g e  r a t e  th ro u g h o u t  a  long d ro u g h t .
H l ’M B E H  B E D  R E L A T I O N S F l l P S
Of g r e a t e r  im p o r ta n c e  in  th e  co n tex t  of 
s a l in e  in t r u s io n  in to  th e  C halk  a q u i f e r  i s  the  
geo logy  of the  p r e s e n t  H u m b e r  bed .  At th e  only  
two s e c t i o n s  r e c e n t ly  in v e s t ig a te d  by o f f s h o r e  
b o r e h o le s  (the H e s s l e / B a r t o n  and T h o rn g u m b a ld /  
S k i t t e r  s e c t io n s )  the  d e ta i l  p ro v e d  e x t r e m e l y
TA 09
30
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B o reh o les  u s e d  for
C o n to u rs  o n  b a s e  of 
/  a lluv ia l d e p o s its
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co n to u rin g
•  A lluvium  a n d  C halk 
° A lluvium  only 
» C halk only
F ig .  6. S t r u c t u r e  c o n to u r s  on the d r i f t  d e p o s i t s  of the c e n t r a l  Hull a r e a
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c o m p le x .  N u m b e r s  of m a j o r  c y c le s  of e r o s io n  
and deposition  h av e  o c c u r r e d .  T h e r e  h as  been  
deep r e - w o r k in g  of e a r l i e r  s e d im e n t s  a long  
r e s t r i c t e d  c h a n n e l s  w h ich  do not of n e c e s s i t y  
c o n fo rm  in t r e n d  w ith  e a r l i e r  b u r ie d  c h a n n e l s .
Thus the s e d im e n t s  a s  a w hole  ex h ib i t  e x t r e m e l y  
rapid l a t e r a l  v a r i a t i o n .  B e n e a th  the  H u m b e r ,  
the C h a lk  e r o s io n  s u r f a c e  is  p r o b a b ly  c o m p o s i te  
being in p a r t  R e c e n t  and  in p a r t  P le i s to c e n e  and 
possibly o ld e r ;  m a n y  lo c a l  v a r i a t i o n s  a r e  
b e lie v e d  to be p r e s e n t  and  f o r  th is  r e a s o n  the  
c o n to u rs  w e r e  o m i t t e d  f r o m  F ig .  3.
The p r e d o m i n a n c e  of s a n d  in th e  p o s t ­
glacial r iv e r b e d  s e d i m e n t s  h a s  bee n  p ro v e d  by 
seismic s p a r k e r  and  g r a b  s a m p l in g  s u r v e y s  
(McQuillin and o t h e r s ,  19(19), but g e o p h y s ic a l  
work continues and i t s  fu ll  i n t e r p r e t a t i o n  is  not 
yet possib le. T h e  b o u ld e r  c l a y s  of the  land  
area appear  to be g e n e r a l l y  d is c o n t in u o u s  a c r o s s  
the Humber; th i s  is  in p a r t  due  to  e r o s io n  but 
they also s e e m  to  l e n s e  o u t  w hen t r a c e d  to w a r d s  
the Humber. In p l a c e s  p h y s ic a l ly  c o m p a r a b le  
consolidated l a m in a t e d  s i l ty  c l a y s  h a v e  been  
proved but th e s e  a l s o  a r e  known to  be a b s e n t  
from ex tensive  a r e a s .  T h u s ,  o v e r  s ig n i f ic a n t  
areas sandy p o s t - g l a c i a l  r i v e r b e d  d e p o s i t s  
probably r e s t  d i r e c t l y  on th e  C ha lk .
The R(*i»i()iial Hytlrologit al Sysiciii
TUEOVEHALI. ( ' .HOrSDWATh.K Fl.OW IW TTE RS
In East Y o r k s h i r e ,  a s  in m o s t  c a r b o n a t e  
rock te r r a in s ,  the  o v e r a l l  h y d r o lo g ic a l  r e g im e  
is determined by th e  r e g io n a l  g e o lo g ic a l  
structure s in c e  it c o n t r o l s  th e  p o s i t io n  of the  
permeable rock  o u tc r o p ,  i t s  co n f in in g  b ed s  and 
thus the location  of  th e  r e c h a r g e  an d  d i s c h a r g e  
areas of the g r o u n d w a te r  s y s t e m .  T h e  Y o r k ­
shire Wolds a r e  th e  t o p o g r a p h ic  e x p r e s s i o n  of 
the Chalk ou tc ro p  and  f o r m  a n  u n d u la t in g  th in  
soil-covered up land  a r e a  (40 to  180 m OD) 
virtually devoid of s u r f a c e  w a t e r .  T h i s  i s  the  
intake a rea  of the  C h a lk  a q u i f e r ,  d r a in a g e  be ing  
entirely su b s u r fa c e  and  d i r e c t e d  p r i m a r i l y  
towards the Hull V a l le y .
Under n a tu ra l  c o n d i t io n s  th e  C h a lk  a q u i f e r  
appears to have d i s c h a r g e d  in n u m e r o u s  s i z e a b le  
springs all a long th e  w e s t e r n  s id e  of the  Hull 
Valley and f rom  s m a l l  s p r i n g s  a t  th e  foot of the  
escarpment o v e r lo o k in g  th e  V ale  of Y o rk .
Hearsay evidence a l s o  s u g g e s t s  f o r m e r  p e r e n n ia l  
chalk springs in the  bed  of th e  H u m b e r  a t 
Hessle, probably in a n  a r e a  of s u b m a r i n e  C ha lk  
outcrop or at l e a s t  one f r o m  w h ich  B o u ld e r  C lay 
us been eroded. T h e  f o r m e r  s p r i n g s  g e n e r a t e d  
fuinor t r ib u ta r ie s  of th e  R i v e r  Hull w hich  w e r e  
I al over th e i r  lo w e r  s e c t i o n s ,  th e  Hull being  
.! throughout the  a r e a  a s  f a r  n o r th  a s  
®*i p^holme Lock. (It sh o u ld  be  n o te d  th a t  th e
t id a l  l im i t  m a y  p o s s ib ly  be m o v e d  d o w n s t r e a m  
in  the  f u tu re  by e n g in e e r in g  m e a s u r e s ) .  T h e  
Hull i t s e l f  i s  e s s e n t i a l l y  a  C ha lk  w a t e r c o u r s e ,  
o v e r  85 p e r  ce n t  of i t s  flow a t  H e m p h o lm e  L ock  
be ing  d e r iv e d  f r o m  s p r in g  d i s c h a r g e s  to  th e  
n o r th  of the  a r e a  u n d e r  p r e s e n t  c o n s id e r a t i o n .
A co m p le x  s y s t e m  of a r t i f i c i a l  c u ts  (dykes)  w ith  
p u m ping  s t a t io n s  to g e n e r a t e  f low s  h a s  b ee n  
d ev e lo p e d  th ro u g h o u t  the  Hull V a l le y  and 
H o ld e r n e s s  to  a u g m e n t  th e  p o o r ly  d ev e lo p e d  
n a t u r a l  d r a in a g e .
T h ro u g h o u t  th e  s o u th e r n  p a r t  of E a s t  
Y o r k s h i r e ,  h o w e v e r ,  the  n a t u r a l  d i s c h a r g e  
r e g im e  of the  C halk  a q u i f e r  h a s  bee n  s u b s t a n t i a l l y  
m od if ied  by the  heavy  d e v e lo p m e n t  of i t s  
g r o u n d w a te r  r e s o u r c e s  and th e  c r e a t io n  of 
p um p in g  c e n t r e s  in th e  K in g s to n -u p o n -H u l l  a r e a .  
One s id e  e f fec t  h a s  b e e n  th e  v i r t u a l  d r y in g - u p  of 
a l l  d ip - s lo p e  ch a lk  s p r in g s  and t h e i r  a s s o c i a t e d  
w a t e r c o u r s e s  n o r th w a r d s  to  beyond B e v e r le y .
T h e  lo w e r in g  of g r o u n d w a te r  l e v e ls  and 
d im in u t io n  of sp r in g f lo w  o v e r  l a r g e  a r e a s  w^as 
p ro b a b ly  in i t ia t e d  b e f o r e  1930 and p e r h a p s  
b e fo re  1900 with  s te a d y  e x p a n s io n  in the  d e v e lo p ­
m e n t  of pub l ic  w a te r  s u p p l i e s  (F ig .  1). T h e  
su p p l i e s  ob ta in ed  d i r e c t ly  f ro m  th e  C ha lk ,  
u t i l i s in g  i t s  s t o r a g e  c a p a c i ty  to  s u s t a in  
a b s t r a c t i o n  r a t e s ,  h a v e  p ro v id e d  a  m u ch  m o r e  
r e l i a b l e  supp ly  both  in quan t i ty  and  q u a l i ty  than  
had  th e  cha lk  w a t e r c o u r s e s ,  su c h  a s  th a t  a t  
S p r in g h e ad  w hich  f o rm e d  the  o r ig in a l  supp ly  f o r  
the  c i ty .
l ) E l J \ ’i : A T i ( ) \  O F  S I  H - C A T C H M F N T S
In o r d e r  to  im p r o v e  the  d e l in e a t io n  of 
g r o u n d w a te r  flow d i r e c t io n s  and  s u b - c a t c h m e n t s ,  
c o m p r e h e n s iv e  w a te r  le v e l  s u r v e y s  u s in g  a l l  
a c c e s s i b l e  and  r e l i a b l e  deep  w e l l s  and b o r e h o le s  
in the  a r e a  w e r e  u n d e r ta k e n  in e a r ly  A p r i l  and  
l a t e  O c to b e r  1970. T he  d a ta  w e r e  u se d  to 
c o n s t r u c t  m a p s  of g r o u n d w a te r  le v e l  c o n to u r s  
( F ig s .  7A and 7B); th e s e  a r e  e x te n s io n s  of th e  
m a p s  p r e v io u s ly  p r e s e n t e d  f o r  th e  n o r th  of the  
re g io n  by F o s t e r  and M ilton (in p r e s s ) ;  the  
c o l le c t io n  and r e l i a b i l i ty  of the  d a ta  have  been  
d i s c u s s e d  in d e ta i l  by th e s e  a u t h o r s .  T h e  
in te n t io n  w as  to  ob ta in  d a ta  r e p r e s e n t a t i v e  of th e  
co n f ig u ra t io n  of the  w a te r  t a b le  a t  m o d e r a te l y  
h igh and f a i r ly  low s a tu r a t io n  w ith in  a  ty p ic a l  
an n u a l  h y d ro lo g ic a l  c y c le .  It shou ld  be no ted  
th a t  the  p a t t e r n s  p r e s e n te d  a r e  not s te a d y  s t a t e  
but in s ta n ta n e o u s  p i c tu r e s  of c o n s ta n t ly  v a r y in g  
c o n d i t io n s  of g r o u n d w a te r  p o te n t ia l  and  f low .
S om e cau t io n  m u s t  t h e r e f o r e  be e x e r c i s e d  in 
t h e i r  u s e  to  co m p u te  m a s s  flow q u a n t i t i t e s .  
S im u l ta n e o u s  s u r v e y s  of the  d i s t r i b u t io n  of 
n a t u r a l  d i s c h a r g e  f r o m  th e  C ha lk  a q u i f e r  w e r e  
u n d e r ta k e n  and the  d a ta  a r e  a l s o  s u m m a r i s e d  
in  F ig s .  7A and 7 B.
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O v e r  v er y  l im ite d  a r e a s  the Chalk fo r m a ­
tion is shown ( F ig s .  7A and 7B) to drain  
t o w a r d s  its e s c a r p m e n t  g iv ing  r i s e  to num erous  
small contact sp r in g s .  The lo c a l isa t io n  of  
springs is  probably  p art ly  dependent upon su p e r ­
ficial d isturban ces  in the Chalk s tra ta  a s so c ia te d  
with the form ation  of  the e s c a r p m e n t  i t s e l f .
T he  definition of the w ater  d iv ide between  this  
d ra in a g e  d irect ion  and that tow ards the Hull 
Va l le y  can be r e a so n a b ly  a c c u r a te ly  es tab lish ed  
and is re la t ive ly  s ta b le ,  p r in c ip a lly  as a re su lt  
of t he  regional g e o lo g ic a l  s tru c tu r e  and the 
l eve l  of the outcrop  of the b a se  of the Chalk.
A minor com p lica tion  o c c u r s  w here  the  
immediately u nderly ing  J u r a s s i c  s tra ta  a re  
permeable.
The bulk of  the su b su r fa c e  flow in the Chalk  
is directed tow ards the Hull V a lle y .  Any 
attempt to make a lo g ic a l  su b d iv is ion  of this  
fairly ex tensive  ca tch m en t  a r e a  m ust co n s id er  
the groundwater flow l in e s .  It m ust  be 
recognised, h ow ever ,  that groundw ater ca tc h ­
ments can undergo m ajor  s e a s o n a l  var ia t ion s  
in shape and are a  both n aturally  and due to 
pumping, in co n tra st  to su r f a c e  w ater  ca tc h ­
ments which a r e  e s s e n t ia l ly  of fixed  a r e a  and 
boundaries.
Of fundamental im p o r ta n ce  is  the su b su rface  
flow-line sep ara tin g  groundw ater cu rren tly  
draining to the tidal and n on-tida l Hull, that i s ,  
to the south and north of  H em pholm e Lock  
respectively. T h is  l in e  d o e s  not appear to 
varj' its position much s e a s o n a l ly  ( F ig s .  7A and 
7B), although it could  be a l ter ed  should ground­
water development o c c u r  in i ts  v ic in i ty .
The groundwater l e v e l  and s tre a m flo w  
sur\'eys led to a much c l o s e r  defin ition  of the 
zone of artesian d is c h a r g e  in the Hull V alley  
than had p rev iou s ly  been p o s s ib le .  The southern-  
most chalk w a te r c o u r se  b e l ie v e d  to be flowing  
perennially is  Scorborou gh  B eck ,  s o m e  5 km 
north of B ever ley ,  and th is  i s  one of  th ree  
significant chalk s t r e a m s  drain ing  to the tidal  
Hull (Pigs. 7A and 7B ).  A d eta iled  su rvey  of 
the groundwater in c r e m e n t  along the en t ire  
length of Scorborough Beck  under high w ater  
table conditions showed that s o m e  60 to 80 p er  
cent of the total d is c h a r g e  or ig in a ted  in f ive  
discrete springs a l l  loca ted  on the ’u p stream  
side' of the arte s ian  d is c h a r g e  zone.
The subsurface d iv id e  betw een  groundwater  
Howing towards the natural d is c h a r g e  a r e a  and 
that flowing towards the pum ping c e n tr e s  south  
of Beverley can be e s ta b l i sh e d  ap prox im ate ly  
coin groundwater con tou rs  at any p art icu lar  
testant in t im e. The d iv id e ,  h ow ever ,  shows  
•^ j^or variation in its  p o s it io n  se a s o n a l ly
(Table  1) and c o n s id er a b le  v a r ia t io n  from  wet  
to dry y e a r s .  Under m axim u m  conditions in 
1970 (F ig .  7A) the hydraulic  grad ient was  
eas t  or e a s t - n o r th - e a s t  throughout m o st  of the 
a re a  under co n s id era tion  and the flow frontage  
from  the Chalk outcrop as  far  north as  the 
latitude of B e v e r le y  appeared  su ff ic ien t  to 
s a t is fy  the heavy ex tract ion  in the K ingston-  
upon-Hull a re a .  D eta iled  o b ser v a t io n s  in the 
Etton are a  have shown that at s o m e  t im e  during  
the annual r e c e s s io n  of groundw ater l e v e l s  
(norm ally  in July or  August) the hydraulic  
gradient sw in gs  round to the so u th -e a s t  (F ig .  
7B). T h is  o c c u r s  as  a r e su lt  o f  the expansion  
of the cone of pumping d e p r e s s io n  a s s o c ia t e d  
with in c r e a s in g  ab stract ion  from  groundwater  
s to ra g e  in the area  of h e a v ie s t  d evelopm en t.  
M oreover ,  even when the ' f low -fron tage' to  
the K ingston-upon-H ull a r e a  has expanded to 
15 km (as in F ig .  7B), it i s  unlikely that the  
total flow to the pumping c e n tr e  is  much m o re  
than 50 M L / d, taking as  typ ica l  the appropriate  
T value from  the Etton in v e s t ig a t io n s .
It i s  m ost  im portant to r e c o g n is e  that su b ­
su r fa ce  f lo w -l in e s  d eterm in ed  la r g e ly  as  a 
resu lt  of ex ist ing  groundwater developm en t,
(and p o ss ib ly  ex is t in g  o v er -d e v e lo p m e n t)  a re  
not a su itable  b a s is  for  the d is c u s s io n  of 
r e s o u r c e s .  It i s  th ere fo re  p rop osed  for this  
p urpose  to d ivide the Chalk intake a re a  draining  
to the Hull V alley  into two blocks; that between  
the Humber and the latitude of B ever ley  (A in 
F ig .  7A) and that between B e v e r le y  and the  
latitude of Hempholme Lock (B in F ig .  7A).
The aquifer intake a r e a s  within th e se  two blocks  
a r e  su m m a r ise d  in Table 2.
A S S E S S M E N T  O F  G R O U N D I V A T E R  R E C H A R G E
C lear ly  in an area  of heavy d evelopm ent of 
groundwater r e s o u r c e s  the a s s e s s m e n t  of the  
rate of groundwater rech a rg e  is  of c r i t ic a l  
im portance .  N e v e r th e le s s  i ts  d eterm ination  as  
a long term  a v erage  or  for  individual y e a r s  
p r e s e n ts  form idable  p ro b lem s .
The bulk of the total groundwater rech arge  
o r ig in a tes  as  in fi ltrating ra infa ll  in the Chalk 
outcrop a rea .  The aver a g e  annual p rec ip itation  
(1916-1950) in the southern  part of the Y orkshire  
Wolds is  just under 700 m m , with only m inor  
d iffer en ce s  between  the to ta ls  for any given  
month or  se a so n  (Y orksh ire  Ouse and Hull 
R iver  Authority, 1969). Unlike rainfall ,  
tem perature  and other c l im a tic  p a r a m e te r s  do 
show m oderate  s e a so n a l  d if fer en ce s  and lead  
typica lly  to a con s id erab le  e x c e s s  of evaporation  
o ver  p rec ip itation  in the months of May, June, 
July and August and near balance in March,
A pril and S eptem ber. An o v e r a l l  p icture of  
s u m m e r  and autumn so i l  m o is tu r e  d ef ic i ts  thus
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Table 1, V a r i a t i o n  o f  s u b - c a t c h m e n t  a r e a s  b a s e d  o n g r o u n d w a t e r  c o n t o u r s .
Hydrological
conditions
S ub -catchm en ts  (km^)
High saturation  
(F ig .  7A)
Low saturation  
(F ig .  7B)
Chalk outcrop  
only
Chalk and 
upland 
Boulder Clay
Chalk outcrop  
only
Chalk and 
upland 
Boulder Clay
1
Hull-Beverley 
abstraction area 62 106 101 175
II
Natural d isch arge  a re a 81 126 41 72
I and II 143 232 142 247
Table 2. Details of C halk aq u ifer  intake a r e a s .
—------------- —-------------------- [1 .............. .............................
Intake area  (km )
Chalk outcrop Chalk and upland
only Boulder Clay
A
Humber to
Beverley 72 123
B
Beverley to
Hempholme 62 95
1 A and B 134 218
emerges.
The difficulties of m e a su r in g  actual  
evaporation have led to the d eve lop m en t  of 
methods for its ca lcu la t ion  from  m e te o r o lo g ic a l  
the method in m o st  w id esp re a d  u se  in 
Mtain is that of P enm an (1948) and its  many  
subsequent re f inem ents .  It i s  probable  that at 
be present time such a m ethod g iv e s  e s t im a t e s  
0Îevaporation which a r e  su p e r io r  for  w ater  
resources purposes to any which could be 
generated from one or  two d ir e c t  m ea su r in g  
installations.
The Penman method e s t im a t e s  the potentia l  
n^poration (Ep) defined a s  the m axim u m  
bporation that would take p la c e  in a g iven  
from a continuous c o v e r  of vege ta tion
with constantly saturated so i l .  T h ere  is  only  
one station in the part of Chalk outcrop under 
con sid eration  w here su ff ic ient m eteo r o lo g ic a l  
p a r a m e te r s  are  m easu red  for Ep to be computed  
(Leconfie ld ,  TA 026 438) and even h ere  the 
availab le  record  is  short.  H owever county  
a v er a g e  e s t im a te s  are  availab le  for the southern  
part of East  Y ork sh ire  (M inistry  of A gr icu ltu re ,  
F is h e r i e s  and Food, 1967) for  a longer period; 
a s e m i- e m p ir i c a l  co r re ct io n  for sunshine record  
and altitude having been applied. The a v er a g e  
annual f igure is  490 m m , of which o ver  85 p er  
cent o c c u r s  in the months of April to S eptem ber  
in c lu s iv e .  The long term  average  infi ltration  
i s  unlikely to be l e s s  than the d ifferen ce  between  
the long term  a v er a g es  for p rec ip itation  and 
potential evaporation, that i s ,  about 200 m m .  
T h is  a s s u m e s  that the potential evaporation has
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not been u n d erest im ated ,  that there  is  no o v er a ll  
change in so i l  m o is tu r e  conditions and that an 
overall change in c l im a t ic  conditions is  not at 
present occurring .
Actual, as  opposed  to p otentia l,  evaporation  
is limited by a va i lab il i ty  of s o i l  m o is tu r e  and 
is in turn a function of type of vegetation  and 
soil conditions; in extended  dry p er iod s  actual  
evapora tion  may be co n s id er a b ly  l e s s  than 
potential. Adopting the method of Grindley  
(1 9 6 8 ), but using a s im p l i f ie d  re la t ion sh ip  with 
a lim iting  so i l  m o is tu r e  d ef ic i t  of 75 m m ,
Foster and Milton (in p r e s s )  have evaluated  the  
actual evaporation and e f f e c t iv e  in fi ltration  on a 
monthly basis during 1 9 6 2 -1970  for the Chalk of 
the H u ll-Hempholme ca tch m en t  to the north. In 
that period the total p rec ip ita t ion  and potential  
evaporation w ere  n ear  the long ter m  a v e r a g e s ,  
which for that area  a r e  s o m e  40 m m  m o r e  and 
20 mm less  than the c o r re sp o n d in g  r e sp e c t iv e  
averages for the southern  part of the Y ork sh ire  
Wolds. Thus the a v e r a g e  annual va lue of e f f e c t ­
ive infiltration obtained for  the H ull-H em p holm e  
catchm ent (3lO m m ), would probably corresp on d  
to a value c lo s e r  to 250 m m  in the p r e se n t  a re a .
It is also of in te re s t  to note the con trast  between  
the infiltration in the d r ie s t  and w et te s t  w inters  
ofthat period. 1964 -1965  and 1965-1966  
respectively, for which v a lu e s  of 130 mm and 
535 mm were obtained from  m e te o r o lo g ic a l  
parameters by the alxjve m ethod.
For tin* H ull-H em p holm e catchm ent a ls o ,  
estimates of e f fec t iv e  in fi ltrat ion  have been m ade  
indirectly by a n a ly s is  of the river flow data 
for the principal tr ib u ta r ie s  of the Hull. In the  
catchment of the W est Beck to W ansford B ridge,  
the total baseflow com ponent during the period  
1962-1970 was equivalent to an in fi ltra t ion  of  
about 360 m m /a  o v e r  the e n t ir e  Chalk outcrop  
(Foster and Milton, in p r e s s ) .  A ssu m in g  as  
before that the in fi ltrat ion  in the souther n part  
of the Wolds is  l ikely  to be s o m e  60 m m  or  so  
loss, this would be equ ivalent to an e f fe c t iv e  
annual infiltration of 300 m m  in the la t te r  a re a .  
The values derived from  b asef low  sep ara tion  
fxceed those from m eteor o lo g ic a l  p a r a m e te r s  
hymore than 15 per cen t ,  and indeed the sa m e  
*as found to be true for  m o st  o f  the individual  
)ears analysed, excep t  the d r ie s t .  Although  
16 baseflow could have been  s y s t e m a t ic a l ly  
®\cr-estimated an a p p r a isa l  of the p o s s ib le  
'Ources of error s u g g e s t s  that probably  the 
■■^ verse is the c a s e .  The v a lu e s  d er ived  from  
H'eteorological p a r a m e te r s  a r e  m o r e  l ik e ly  to
in error because of in a cc u r a te  potentia l  
i p^oration data, u se  of an inapp rop ria te  root  
^^ nstant or unreliable a v e r a g e s  for monthly
/^^ cipitation. It should, h o w e v er ,  be r e co g n ise d
'«at the process of in fi ltra t ion  and re c h a r g e  to
the Chalk a q u ifer 's  saturated  zone is  com plex;  
the a va ilab le  trit ium  age  d eterm in at ion s  p osin g  
fundamental questions  on the m ec h a n ism  and 
ra te s  of groundwater m ovem en t in the unsaturated  
zone ( F o s te r  and C r e a se ,  1974). It i s  p o s s ib le  
that changes in s to ra g e  in the unsaturated  zone  
could invalidate co m p a r iso n  between  v a lu es  of  
e f fec t iv e  in fi ltration  obtained by the above two  
m ethods,  although they appear to be c lo s e ly  
re la ted .
A su m m ary  of the f ir s t  o rd er  e s t im a t e s  of  
long term  a v er a g e  infi ltration  m ade by p rev io u s  
w ork ers  has been given by Gray (1952), who 
adopted an aver a g e  value of 305 mm  for the en t ire  
reg ion . The Y ork sh ire  Ouse and Hull R iver  
Authority (1969) adopted a va lue of 255 mm  for the 
southern part of the Y ork sh ire  W olds. In v iew  of 
the u n certa in ties  of es t im a t in g  the a v er a g e  
in filtration re liab ly ,  it i s  p roposed  h ere  to 
evaluate  the v o lu m es  of re c h a r g e  equivalent to 
given  rates  of annual in fi ltration  (Table 3) and use  
th is  a s  the b a s is  for the d is c u s s io n  on the s ta te  of 
groundwater r e s o u r c e s .  The s ig n if ic a n c e  of an 
e r r o r  of 25 mm in an e s t im a te  is  a l s o  evaluated .
One further prob lem  a r i s e s ,  n am ely  the  
question of rech a rg e  to the Chalk through the  
Boulder Clay co v e r .  T h is  w il l  depend great ly  
on the la t te r 's  lithology, th ick n ess  and equally  
on the v e r t ic a l  hydraulic g rad ien ts .  Gray (1952)  
allowed an arb itrary  50 m m /a  for a l l  a r e a s  
with l e s s  than 9 m of Boulder Clay c o v e r  and in 
s tu d ies  of East Anglian ca tchm en ts  Ineson and 
Downing (1965) derived  v a lu es  varying  from  
about 40 to 130 m m /a .  In the area  under p resen t  
con sid eration  it is  m ost  l ik e ly  that s o m e  rainfall  
in fi ltra tes  the Boulder Clay and r e c h a r g e s  the  
Chalk a l l  along the flanks of the Wolds above the 
main buried co a s t l in e  feature,  w here  the Chalk  
is  s t i l l  unconfined. T h ere  appears  to be l i t t le  
su r fa ce  runoff in th is zone and it is  p o s s ib le  that 
the en t ire  e x c e s s  rainfall  in f i l tra tes  the Boulder  
Clay and thus an a llow ance for th is p o ss ib i l i ty  
has been made in Table 3. In the Hull Valley  
and H old ern ess ,  where the Boulder Clay is  
sign if ican tly  th icker and downward hydraulic  
gradients  l e s s  or even n o n -ex is te n t ,  s ign if ican t  
rech arge  to the Chalk is  only lik e ly  to be 
induced as a re su lt  of heavy pumping. It is  
m ore  lik e ly  in su m m e r  and autumn than in spring,  
when natural groundwater le v e ls  a re  h igher,  but 
could only take p lace  if th ere  was suff ic ient  
vo lu m e of groundwater stored  in the over ly in g  
drift d ep osits  at that t im e  of year; such water  
could be brack ish  in so m e  a r e a s .
G round water Abstraction 
. t ] ' . i i i . A B i i . r r y  a n d  r e l i a i u l i t y  o f  d a t a
In ord er  to make the best  p o s s ib le  a s s e s s -
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ment of the sta te  of d evelopm en t of groundwater  
resources it is  e s s e n t ia l  to have a cc u r a te  data  
on groundwater a b s tr a c t io n .
Prior to the W ater Act 1945, groundwater  
u se r s  were not requ ired  by law to m e a su r e  
their ab stract ion s .  S ect ion  6 of that Act how ever ,  
requ ired  a b s tr a c to r s  in this are a  to keep r e co r d s  
if th e ir  pumping rate  e x c ee d e d  0.23 M l/d  (50 000  
gpd); the f irst  re tu rn s  b e c a m e  av a ila b le  in 1948.
On the im p lem en ta t ion  of the W ater  
Resources Act 1983, a b s tr a c t o r s  had to make  
annual returns of groundw ater a b stract ion  in 
accordance with S ect ion  114. W hilst  a lm o st  
all groundwater a b s tr a c t io n  w as subject  to  
licence by the H iver A uthority , re turns  w ere  
only called for if the a b str a ct io n  ex c ee d e d  9 M l/a  
(2 mga) if the w ater  w as  used  for d o m e s t ic ,  
agricultural and sp ray  ir r ig a t io n  p u r p o se s  and 
136 Ml/a (30 m ga) if it w as  used  for  public  
supply, m anufacturing or  co o l in g .  The f ir s t  
adequate returns under this s y s t e m  b eca m e  
available in 1989.
For the p r esen t  report  and for the sp e c i f ic  
purpose of an a s s e s s m e n t  of the varia tion  in the 
extent of sa line  in tru s ion ,  an a c c u r a te  p icture  
is required of the ch a n g es  in the magnitude and 
distribution of actual a b str a ct io n  during the 
period 1951-1973. F or  1951, the W ater Act  
(1945) returns have been used  with additional  
information from the In st i tu te 's  r e c o r d s  in the  
case of ab stract ions of l e s s  than 0 .23 M l/d ,  
since a com p re lien s ive  su rv e y  of pumping w e l l s  
and boreholes was undertaken in that y e a r .  In 
1972 a fairly r e l ia b le  e s t im a t e  of the actual  
abstraction can be m ade from  the re tu rn s  under  
the Water R eso u rc es  Act (1963). An a l low an ce  
amounting to 50 p er  cent  of the l ic e n c e  ab stract ion  
has been made in th ose  c a s e s  w h ere  no return  
was required by law.
The Kingston-upon-H ull County Borough  
Council was by far the la r g e s t  ab stractor;  the ir  
abstraction repi osentvd  som eth in g  l ik e  75 per  
cent of the total in the a r e a  under p resen t  study  
îind in excess of 90 p er  cen t  of the total  
abstraction in the im m e d ia te  North H um b ersid e  
c^ea. Since detailed  and r e l ia b le  r e c o r d s  (for  
example, Fig. 8) a r e  a v a i la b le  for th e se  so u r c e s  
0^ at least as far back a s  1935, corresp on d in g ly  
accurate e s t im a tes  of the growth of groundwater  
abstraction in the North H u m b ers id e  are a  can be 
^adewith re la t ive  r e l ia b i l i ty .
/.O.Vf; T h . K M  r i ( ) \  L \  A C . r V A l .
The regional d istr ib ution  of actu a l a b s tr a c -  
Hon in 1 9 5 1  and 1972 is  s u m m a r is e d  in F ig .  9,
which the actual a b s tr a c t io n s  have been  
stalled for each sq u are  of a 2 km gr id .  The
total annual a b s tr a c t io n s  in th e se  y e a r s  and for  
1965 a ls o  have been com puted se p a r a te ly  for the 
balance a r e a s  A and B (Table 4).
In 1951 the only s ign if ican t  a b str a ct io n  ou t­
s id e  the K in g s to n -u p o n -H u ll /B e v e r le y  a r e a  was  
that at North Newbald on the e sca r p m en t  w here  
641 M l/a  was drawn for public water supply  
(F ig .  9). The total 1951 ab stract ion  in are a  
A+B is  es t im ated  at 36 500 Ml; 77 p er cent of the  
total r e p r e s e n ts  the ab stract ion  at Springhead,  
Cottingham and D unsw ell a lone. N um erous  
industria l p r e m is e s  in the K ingston-upon-H ull  
area  and along the Humber w aterfront had p r iv a te  
boreh o les  and th e se  c o l le c t iv e ly  accounted for  
4100 Ml in 1951. The only other s ign if ican t  
industria l  ab stract ion  was in B e v e r le y .
Between  1951 and 1965 th ere  w ere  no m arked  
changes e i th er  in the quantity or distribution  of 
groundwater ab stracted .  The o v er a l l  total  
d e c r e a s e d  by 5300 M l/a ,  n early  a ll  of this  being  
due to a reduction in the abstract ion  from  the 
Kingston-upon-H ull CBC groundwater s o u r c e s  
‘ (F ig .  8). A bstraction  in the Hull indu str ia l  a r e a  
totalled  4400 M l/a ,  an in c r e a s e  of only about 
300 M l/a  s in c e  1951.
The data for annual ab stract ion s  in 1972  
(F ig .  9) i s  m ore  co m p re h e n s iv e .  The total  
groundwater ab stract ion  in 1972 was 38 200 Ml,  
rep resen tin g  an in c r e a se  of 6900 Ml o ver  that in 
1965 but only 1600 Ml above that in 1951. The  
1965 ab stract ion  was atypica lly  low, p art ly  a s  a 
re su lt  of the reduction in groundwater ab stract ion  
by the Kingston-upon-H ull CBC with the new  
developm ent of the ir  r iv er - in ta k e  supply at 
Hempholme Lock, and partly a s  a re su lt  of the 
ex tr e m e  drought in that y e a r  l im it in g  the actual  
capacity  of many w e l l s  and b oreh o les  to produce  
groundwater. Industrial abstract ion  in the  
H e ss le -H u ll  area  stood at 3500 Ml in 1972; a 
reduction of 15 to 20 per  cent from  the 1965 and 
1951 f ig u r es .  E l sew h ere  the developm ent of a 
m ajor  so u r c e  by the East  Y orkshire  (Wolds A rea)  
Water Board at Etton, from  which about 2600 Ml 
was ab stracted  in 1972 with further expansion  
planned, rep resen ted  a m ajor in c r e a s e  in 
ab stract ion  from balance area  B. Its other  
so u r c e s  in the south of East  Y ork sh ire  located  
at Hutton C ranswick , Market Weighton and North  
Newbald (F ig .  10) do not enter into the ground­
w ater b a lances consid ered  in th is  report.
Between 1965 and 1972 th ere  w as an apparent  
in c r e a s e  in the total number of groundwater  
ab stractors;  in part rea l  a s  a re su lt  of the rapid  
expansion  of in tensified  agr icu ltu ra l  and 
horticu ltural en te r p r ise s  in the area  and partly  
im aginary , the resu lt  of the im proved  s y s t e m  of 
l ic en s in g  and returns  introduced under the  t e r m s
19
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of the W a t e r  R e s o u r c e s  A c t  1 9 0 3 .
Since the ch an ges  in groundwater ab stract ion  
in the North H u m b ersid e  area  a s  a whole are  
dominated by th o se  at the K ingston-upon-H ull  
CBC sou rces ,  it is  w orthw hile  studying their  
pumping r e c o r d s  in furth er  d eta il .  Tota l  
abstraction from  the th r ee  main so u r c e s  
(Springhead, Cottingham and Dunswell)  grew  
steadily from  20 900 M l/a  in 1936 to a m axim um  
of 29 900 M l/a  In 1958; only in th o se  y e a r s  of 
extended drought did the total a b stract ion  fa ll ,  
this as a resu lt  o f  the l im ita t io n s  on w ell  y ie ld s .  
The development of the Tophill  Low r iv e r - in ta k e  
works on the Hull at H em pholm e Lock led to a 
reduction in the amount of w ater  pumped at the 
three sou rces  to around 21 000 to 23 000 M l/a  
during 1960-1963 (F ig .  8). In the la te  1960s  
with demand stead ily  r i s in g ,  a b stract ion  from  
the groundwater s o u r c e s  had to be in c r e a se d  
once again, reach in g  a total o f  25 100 M l/a  in 
1972.
m r n i i n ' T i o s  a s d i 's e  o f  i j c f x s f d
HOHt-HOl.FS h \  1^72
Under the W ater R e s o u r c e s  Act 1963 each  
licence to ab stract  w ater is  c l a s s i f i e d  accord in g  
to the purpose for which the w ater  is  requ ired .  
This information w as used  to co n stru c t  a map 
of the distribution of l i c e n s e d  w e l l s  and b o re ­
holes of the var iou s  c l a s s e s  for the a r e a  under 
consideration (F ig .  10).
A  n u m b e r  o f  p o i n t s  a r i s e :
1. There is no groundw ater a b str a ct io n  for 
human consumption in the higiily populated area  
within a radius of 5 km of the con f lu en ce  of the  
River Hull with the Humber, a re su lt  of 
extremely poor c h e m ic a l  quality of groundwater.
2. Spray irr igation  u s e r s  a r e  con cen tra ted  in 
the area im m ediate ly  south of  B e v e r le y .
3. There are la r g e  n u m b e rs  of d o m e s t ic  
boreholes around B e v e r le y ,  a re f lec t io n  of total  
dependence in th e se  ru ra l a r e a s  on d ire c t  
groundwater a b s tr a c t io n s .
F . v a s . s  OF l . l C F N S F l )  O V E R  A C T  I A l .  
i i^ '^TRACTlOX l \  / u ; :
A comparison of the l i c e n s e d  ab s tr a c t io n s  
tttl972 with the actual a b s tr a c t io n s ,  a s  
treasured by the sta tu tory  r e tu r n s ,  has been  
undertaken for a ll  th o se  2 km sq u a r e s  of the 
grid (Fig. g) w here the actu a l a b s tr a c t io n s  
exceed 500 M l/a  (T able  5).
This com parison  sh o w s  e v e r y w h e r e  a 
considerable e x c e s s  of l i c e n s e d  o v e r  actual  
 ^ straction, ranging from  34 p er  cent to 94 
Percent. The o v er a l l  to ta ls  show that only 54 
P f^cenl of the l ic e n se d  q u an tit ies  w e r e  in fact  
in 1972 with the re su lt  that s o m e  33 000
M l/a  w er e  r e s e r v e d ,  unused, within the l ic e n s in g  
s y s t e m .  Much of this e x c e s s  was held by the  
Springhead, Cottingham, D un sw ell  and K eldgate  
s o u r c e s  of the K ingston-upon-H ull  CBC.
Saline Water Intrusion
E X T E N T  O F  S A L I N E  I N T R U S I O N
W here an aquifer  i s  in contact with the se a ,  
sa lin ity  layer in g  w ill  o ccu r  with the m o r e  d en se  
sa l in e  w ater  gen er a l ly  occupying the low er  l e v e l s  
of the form ation . Under sta tic  conditions th ere  
w ill  be a re la t iv e ly  sharp ly  defined in te r fa ce  with  
the over ly in g  fre sh  w ater  which, a ccord in g  to 
the c l a s s i c a l  G hyben-H erzberg  equation, w il l  
o cc u r  at a depth below m ean se a  l e v e l  of s o m e  
40 t im e s  the height of fre sh  water above s e a  
l e v e l ,  a re su lt  of the h ydrostatic  equilibrium  
between the two fluids of d ifferent d e n s i t ie s .  
W here la r g e  s c a le  ab stract ion  o c c u r s  from  a 
co a s ta l  aquifer ,  w ater  le v e l s  w il l  be low ered  
and the in ter face  b e c o m e s  shallower; prolonged  
heavy ab stract ion  may eventually  c r e a te  an 
o v e r a l l  landward hydraulic  gradient causing  
la tera l  encroach m en t of the sa l in e  w ater in te r ­
face  into the aquifer .  Under dynam ic conditions  
the u se fu ln e ss  of the G h yben-H erzberg  re la t io n ­
ship is  l im ited  and an adaptation of the c l a s s i c a l  
Hubbert form ulae is  m o r e  appropriate  
(P e r lm u tter  and Geraghty, 1963), m o r e o v e r  a 
thick zone of m ixing w ill  n orm ally  develop  
through in term ingling  of d ifferent w aters  as  a 
resu lt  of both d ensity  and hydraulic grad ients  in  
v e r t ic a l  and horizontal d irect ion s  (Cooper, 1959).
In the North H um berside area  the s ituation  
is  further com p lica ted  by the lo ca l isa t io n  of the 
f r e e r  points of hydraulic com m unication  between  
aquifer  and sa l in e  w ater,  the var iab le  sa lin ity  
of tlie Humber w ater,  the la r g e  s e m i-d iu r n a l  
tide, and, perhaps m ost  important of a ll ,  
m arked p erm eab il ity  layer in g  in the Chalk 
aquifer .
Detailed  groundwater sam pling  su rv e y s  
have been carr ied  out and the gen era l d istr ibution  
of ch lor ide  ion in pumped sa m p le s  determ in ed  
on three  occasion s:  in May 1951 32 sa m p le s  
from pumped b oreh oles  w ere  taken for a n a ly s is  
of chloride: in Novem ber 1967 31 b oreh o les  
w er e  sam pled  for ch em ic a l  a n a ly s is ,  and 
conductivity logging ca rr ied  out w here  a c c e s s  
perm itted; in May 1973 36 b oreh oles  w ere  
sam pled ,  25 for  full a n a ly s is  and the rem ain d er  
for part ia l  a n a ly s is  ( trace e lem en t and tr it ium  
sa m p les  w ere  a lso  taken, and conductivity  
logging of b oreh o les  ca rr ied  out w here a c c e s s  
p erm itted).
This  sam pling  and ch em ic a l  a n a ly s is  g iv e s  
an indication of the are a l  extent of sa l in e  w ater
21
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F ig .  10. C la s s i f ic a t io n  of l ic en se d  Chalk abstract ion  b oreh o les  (1972)
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Table 5- C om parison  between actual and l ic e n se d  ab stract ion  in 1972 (for  grid sq u a r e s  in which  
ab stract ion  was g r e a te r  than 5ÜÜ M l/a; s e e  F ig .  9).
1972 A bstract ion
Grid Actual L icen sed Actual
square M l/a M l/a L icen sed  °
SE 8842 607 908 67
9236 715 1135 63
9442 2578 5091 50
TA 0052 381 798 48
0224 1627 2724 60
0228 8717 13620 64
0232 1955 2088 ' 94
0434 7770 18232 43
0438 1471 4325 34
0634 9875 16571 59
0830 838 898 93
1428 633 1194 53
Üv’erall
Total
38 200 71 300 54
intrusion; it i s ,  h o w ever ,  e s s e n t ia l  to  
recognise tliat the p rob lem  is  d ynam ic and 
three.dimensional and that there  a r e  m ajor  
limitations to a tw o -d im e n s io n a l  approach .  
Conductivity logging can help to co m p le te  the  
picture by m easu rin g  the var ia t ion  of sa lin ity  
VIilh depth, but few e x is t in g  b o r e h o le s  prov id e  
suitable a c c e s s ,  p a r t icu la r ly  in the c r i t i c a l  
areas. The in vest igat ion  w as a l s o  l im ited  by 
the distribution of e x is t in g  b o r e h o le s .  In the  
central Hull area many b o r e h o le s  h ave been  
abandoned, sea led  o r  f i l led  in due to the high 
salinity of the groundw ater,  d e c r e a s in g  the  
already limited num ber of  sa m p lin g  points in 
'be most saline a re a .
The data obtained at the ab ove  th r e e  dates  
Is summarised in three  m aps ( F ig .  I I A - C ) .
Hy 1951 an area of s a l in e  in trus ion  in cen tra l  
Hull was already e s ta b l ish e d  with a w ide zone  
"fntixing between the fr e sh  (50 m g/1 C l)  and 
saline (5000 mg/1 C l)  w a te r .  In 1967 and 1973 
Ibehigh salinity front had advanced  only v er y  
H^ghtly if at all,  but s ig n if ica n t  ch a n g es  appear  
'ubave occurred in the p os it ion  of the fr e sh  
front. The 50 m g/1  and 100 m g/1  
' o^chlors have advanced tow ards Springhead
the zone of m ixing has w idened . The steep  
in chlorides a c r o s s  b o r e h o le s  6 and 17 in
1973 (F ig .  l i e )  show s this m ust be a c r i t ic a l  
a rea  c lo s e  to the in ter face .
I’ARi.rnos oy cjii.oRiDE 11777/ t i m e  is
CH ALK C R O V S m V A T E R
Although the spatia l d istribution of c h lo r id e s  
w as not determ ined  at any date p r ior  to 1951,  
the m ajor groundwater so u r c e s  have had regu lar  
c h e m ic a l  a n a ly se s  ca r r ied  out for many y e a r s .
C hloride determ in ations  for Springhead,
Cottingham and Dunswell from  1953 to 1972 a r e  
included in F ig .  8 and data going back at le a s t  
to 1936 a r e  ava ilab le .  Both se a so n a l  and long  
term  varia tions  in ch lor ide can be identified.
The se a so n a l  variation  in sa lin ity  is  
c h a ra c ter ised  by r is in g  c h lo r id e s  in s u m m e r  
and autumn, and low er ch lo r id e s  a fter  winter  
rech a rg e .  The corre la t ion  of high ch lo r id e s  
with periods  of drought i s  b est  s e en  at Spr ing­
head, part icu lar ly  in 1965 for exam p le ,  when a 
r i s e  in ch lo r id es  to 40 m g/1 co incided  with a 
marked d ec l in e  in pumping water le v e l .
Dunswell a lso  show s s im i la r  ch lor id e  variation ,  
but at Cottingham, c l o s e r  to the re ch a rg e  a rea ,  
the ch lor ide content of the w ater  is  a lw ays  low er  
and the varia tion s  l e s s  m arked.
The 1953-1972 data for the K in gston-upon-H ull I
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groundwater s o u r c e s  do not re v ea l  o v er a l l  
increases in ch lo r id e  (F ig .  8). However in the 
earlier data there  is  ev id en ce  of a c le a r  long  
term r is e  in ch lo r id e  at D unsw ell ,  from  2Ü m g/1  
to about 28 rng/1. T h e r e  is  a l s o  ev id en ce  of a 
worsening of water quality at Springhead; ground­
water in the eastei-n  adit has high sa lin ity  and 
the adit was s e a le d - o f f  many y e a r s  ago.
D u r i n g  t l i e  19G7  f i e l d w o r k ,  d e p t h  s a m p l e s  f r o m  
that  a d i t  c o n t a i n e d  2 9 3  m g / 1  c h l o r i d e  a t  t h e  
e a s t e r n  e n d ,  a n d  3 0  m g / 1  a t  t h e  w e s t e r n .
The se a so n a l  var ia tion  in ch lor id e  of w ater  
pumped at H e s s le  ( s i t e  14 in F ig .  11C) is  very  
strong but the b o r e h o le s  a r e  only about 300 m 
from the Humber. In cr ea s in g  sa l in ity  f ir s t  
became a p rob lem  in 1914; th ere  is  h ow ever  no 
evidence of o v e r a l l  long term  in c r e a s e s .
There are  no b o r e h o le s  with regu lar  
analyses in the are a  of g r e a t e s t  s a l in e  en croach ­
ment, but o c c a s io n a l  a n a ly s e s  from  th ree  b o re ­
holes before 1951 a r e  quoted in T ab le  G; th e se  
boreholes are  located  by A, B and C on F ig .  11 A. 
A shows a c le a r  in c r e a s e  in c h lo r id e s  before  
the first detailed  su rv e y  in 1951, the sa lin ity  
at B and C has been m o d e ra te ly  high for the  
whole period for which a n a ly s e s  a r e  ava ilab le ,  
but with indications of p o s t - w a r  in c r e a s e s  in the 
case of the fo rm er .
OUK'. IXS O F  S . U . ! \ h  W . i T E I i
Important natural ch an ges  in groundwater  
chemistry o cc u r  down-d ip  in l im e s to n e  acjuifers  
as they p ass under arg i l lac  eou s  c o v e r .  T h e s e  
have i)een studied in s o m e  deta il  by Ineson and 
Downing (1903) and ICdmunds (1973) for the  
Chalk and L in co ln sh ire  L im e sto n e  r e sp e c t iv e ly ,  
and reported by F o s t e r  and Milton (in p r e s s )  
for the Chalk of Hu* n orthern  part of Fast  
Yorkshire. The main ch an ges  that o c c u r  a r e  
the disappearance of d is s o lv e d  oxygen  and a 
sharp fall in redox p otentia l (Eh) with the 
reduction of and gen erat ion  of N* 2
and II^S, followed by b a se  exchan ge with the  
minerals of the a r g i l la c e o u s  confining s tra ta .  
Beyond this zone th ere  is  a pH r i s e  and m ixing  
"ith older form ation  o r  connate  w a ter ,  which  
produces m ajor in c r e a s e s  in Na^ and C l ” . In 
the area of study a l l  o f  th e se  ch an ges  probably  
occur over a r e la t iv e ly  sh o rt  d is ta n c e ,  within  
8 to 15 km of the ou tcrop .
Other c l iem ica l  ch a n g es  down-dip  include  
the increase in iron content of the groundwater  
''ith the onset of redu cing  con d it ion s ,  cau sed  by 
the^replaccment of F e^^ by the m o r e  so luble  
 ^ • High iron w as co m m en te d  on by the 
owners of s e v e r a l  of the b o r e h o le s  v is i te d .  
Particularly in the a re a  n o r t h - e a s t  of Dunswell ,
Was revealed by a brown r e s id u e  on aeration  
of the groundwater s a m p l e s .
On North H um b ersid e  th e re  appear  to be 
th ree  p o s s ib le  s o u r c e s  for the sa l in e  ground­
water:
1. Connate or  old form ation  w ater  in the 
Chalk of the H o ld er n e ss  a re a ,  w h ere  ground­
w ater  c ircu la t ion  is  ab sen t  or very  s lu g g ish .
2. Recent or old sa l in e  w ater  from  the Humber.
3. Recent or old sa l in e  w ater  from  the lo w er  
r e a c h e s  of the R iver  Hull.
A com m on approach to the in v es t ig a t io n  of  
m ixin g  of groundw aters is  to c o n s id e r  the ra t io s  
of the c h e m ic a l  con st itu en ts .  A standard m ethod  
of data p resen tat ion  is  a tr i l in e a r  plot of  
c h e m ic a l  eq u iva len ts .  Such a plot (F ig .  12) 
show s m ixing between fr e sh  Chalk w ater  and 
sa l in e  w ater in the North H um b ersid e  a r e a .  No 
typ ica l  Humber a n a ly se s  a r e  ava i lab le  for  any 
of the m ajor ions except ch lor id e ,  so  a standard  
se a  w ater a n a ly s is  has been included. The m ost  
sa l in e  sa m p le s  from  ce n tr a l  Hull have equivalent  
p roportions very  c lo s e  to se a  w ater .  Furth er  
north it appears m o re  l ik e ly  that the sa l in e  
component has been drawn from  the H o ld er n e ss  
Chalk a s  a re su lt  of lo n g - te r m  a b stract ion  at 
D unsw ell ,  but it i s  difficult to d em on stra te  this  
c h e m ic a l ly .  The current  a v er a g e  ch lor id e  
content in the R iver Hull n ear B e v e r le y  is  only  
about 50 m g/1  at high w ater  (Y ork sh ire  R iver  
Authority, 1973), and it cannot be the s o u r c e  of  
re la t iv e ly  high sa l in ity  in the a r e a  to the eas t  
of Dunswell.
Of the tra ce  e le m e n ts ,  strontium  is  
particu lar ly  useful in d ist ingu ish ing  recen t  sea  
w ater from old er  sa l in e  groundwater. If the  
H old erness  groundwater was e i th er  connate or  
old sea  w ater,  a higher strontium  to other  
cations ratio than in p r esen t  se a  w ater  mi^ht be 
expected . A lo g - lo g  plot of Cl" against  Sr-'^ 
h ow ever ,  d oes not show any abnorm ally  high 
strontium  va lu es  n either d oes a tr ian gular  plot 
of Mg2+ : Ca2+ ; Sr2+ x 100.
Various h yd roch em ica l m ethods thus show 
no p o s it iv e  ev idence of c h e m ic a l  d if fer en ce s  
between the en croach ing  Humber w ater and the 
H olderness  Chalk w ater.  The la t ter  may in 
fact be com p arative ly  re ce n t ly  intruded se a  
water ra ther than connate water but th ere  a re  
v er y  few b oreh o les  far enough east  to provide  
r e p r esen ta t iv e  sa m p le s .  A further p rob lem  is  
the lack of a seq u en ce  of full ch em ic a l  a n a ly se s  
of the Humber and Hull r iv e r  w aters  a s  h ydro­
ch em ic a l  co n tro ls .
Of the pumped groundwater sa m p le s  
co l lec ted  in May 1973, 15 w er e  subjected  to 
tr it ium  (HTO) determ inations;  th e ir  d istribution  
and the r e su lt s  a re  given in F ig .  11C. The  
current  co n tro v e rsy  o v e r  the in terpretation  of
26
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Numbering as on Fig 11C
i  Sea waief
■f Fresh Wolds water (Etton No 1. 8 May 1973) 
Total determirted constituents
• ‘ lOOOmg/l
•  1000 to 5000 m g/l 
O 5000 mg I
F ig .  12. T r i l in e a r  plot of h yd roch em ica l data for May 1973
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jj-ro levels in Chalk groundw ater ( F o s te r  and 
Crease, 1974) m a k e s  it d iff icult  to draw firm  
conclusions from  th ose  data, but the low HTO 
levels ( le ss  than 1Ü TU) of the fre sh  groundwater  
is c u r re n t ly  typical of many intake a r e a s .  The  
more saline groundw ater,  p art icu lar ly  from  east  
of the h iver Hull, m o st ly  have ver y  low HTO 
levels ( le ss  than 1 TU) but there  is  a ver y  high 
value (57 TU) for a s i t e  on the Humber bank, 
which might be in terp re ted  a s  ev id e n c e  of 
intrusion of r e la t iv e ly  re ce n t  sa l in e  water from  
the Humber.
In summ ary the h y d r o ch em ica l  in vest iga t ion s  
provide strong ev id e n c e  of sa l in e  in trusion ,  
apparently from lo c a l i s e d  points  in the Humber  
bed opposite K in gs lon -u p on -H u ll  and in te r m it ­
tently, at H e ss le ,  but l i t t le  ev id e n c e  of the  
entry of poor quality w ater  from  the R iver Hull 
or from its a l lu v ia l  d e p o s i t s .  More detailed  
local sampling around the m ajor  groundwater  
sources is needed to in v e s t ig a te  the la t te r  
possibility, including s a m p le s  from  the perched  
groundwater body in the a l lu v ia l  d e p o s i t s .
There is som e ev id e n c e  of 'draw in g-b ack ' of 
relatively sa line  Chalk w ater  from  H old ern ess  
towards the Dunswell a r e a .  T he in v est ig a t io n s  
as a whole w ere in no s e n s e  adequate  to 
establish the d is tr ib u t ion s  of sa l in e  w ater ,  and 
its chemical varia tion  with depth in the aquifer;  
it is probable that 'con in g-up ' of sa l in e  w ater  
occurs beneath the m ajor  pumping c e n tr e s  and 
may even contribute to the o b se r v e d  s a l in i t ie s  
of the pumped s a m p le s .
Discussion aiul  I i n p l i t a l l o n s
Tlit: S T A T E  O F  ( I H O l  W D W  A T E H  H E S O l  'KCFiS  
Using the definition of aq u ifer  intake a r e a s  
(Fig. 7A) and the e s t im a t e s  of  groundw ater  
recharge (Table 3), to g e th e r  with the data on 
actual abstraction (T ab le  4), the cu rren t  s ta te  
of development of grou n dw ater  r e s o u r c e s  can be 
assessed (Table 7). It i s  im portant to a p p rec ia te  
fully the underlying a s su m p t io n s  em p loyed .
7he intake a rea s  a r e  a rb itra r y  but n e v e r t h e le s s  
consistent with the h y d r o g eo lo g ic a l  r e g im e .
The main source of in a cc u r a cy  is  thus the 
selection of the annual in fi ltra t ion  rate  to the  
Fhalk directly and through the upland Boulder  
both in a v er a g e  and drought con d ition s .
An error of 25 mm in the in fi ltra t ion  at the 
h^alk outcrop r e p r e s e n ts  m o r e  than 3000 M l/a  
in the overall water balance  of  intake a r e a s  A +
(Table 3). P otentia l ly  much la r g e r  e r r o r s  .
n^nld be involved in the e s t im a t io n  of the 
infiltration to the Chalk through the c o v e r  of 
J|Pnnd Boulder Clay along the flanks of the
AVolds; a f igu re  of 50 p er  cent of that 
y  ^Chalk outcrop has been s e le c t e d  but a
’^’ntion from 0 to 100 p er  cent would re p r e s e n t
t  12 600 M l/a  o v er  intake a r e a s  A + B in an 
a v e r a g e  y e a r  and t  4200 M l /a  in s e v e r e  drought  
(Table  3).
C onsider in g  the probable long term  a v e r a g e  
condition (Table 7). it i s  evident that the southern  
of the two intake a r e a s  (A) a p p ears  to be 
m arg in a lly  in d efic it  but when a r e a s  A + B  a r e  
c o n s id er ed  th ere  is  a surp lus of s o m e  16 000  
M l/a; th e se  la t ter  a r e a s  com bined  would s t i l l  be 
in surp lus even if th ere  w ere  no in fi ltra t ion  
through the upland Boulder C lay. T h is  actual  
su rp lu s ,  h ow ever ,  is  tran sform ed  into a 
s ign if ican t  potential def ic it  (16 000 M l/a ) ,  a s  a 
re su lt  of the la r g e  vo lu m e of groundwater r e s e r v e d  
within the l ic en s in g  s y s te m  (Table 5).
In p r a c t ic e  a l s o ,  n on-un iform ity  in the 
distribution  of ab stract ion  with its  heavy  
concentration  in the south of intake are a  A m ea n s  
that the r e s o u r c e s  of area  B are  only tapped a f ter  
the ab stract ion  from  s to ra g e  in area  A is  
su ff ic ien tly  la r g e  to in tercep t  a corresp ond ing ly  
la r g e  flow frontage . Thus the vo lum e of ground­
w ater  d isch arged  to the Chalk w a te r c o u r se s  in 
the north of area  B (F ig .  7A, B). is  som ew hat  
la r g e r  than the o v e r a l l  su rp lus  of a r e a s  A + B  
com bined . Apart from  s o m e  very  l im ited  d ir e c t  
a b stract ion ,  its  value a s  an am enity  and a sm a l l  
contribution tow ards dilution of effluents in the  
tidal Hull, this high quality groundwater flows  
to w aste .
The p osit ion  in s e v e r e  drought is  a m ost  
important con sid era tion .  A th eore t ica l  draught 
on aquifer  s to ra g e  of the o rd er  of 19 000 Ml and 
33 000 Ml in a one and two y e a r  drought situation  
r e sp e c t iv e ly  is  indicated (Table 7). and in 
p ra c t ic e  the abstract ion  from  sto ra g e  would be 
con s id erab ly  g r e a te r  as  a re su lt  of the non-  
uniform d istr ibution  of pumping. This a b stract ion  
from  storage  is  inevitably a s so c ia te d  with s o m e  
u nd esirab le  s id e - e f f e c t s  — fa lling  groundwater  
l e v e l s  and w e l l  y ie ld s ,  com petit ion  for ava i lab le  
groundwater su pp lies  and advance of the fronts  
of sa l in e  water in trusion . Induced leakage from  
the drift  d ep osits  of the Hull Valley may p art ia lly  
coun teract  th e se  e f fe c ts .  While there  is  no 
ev idence  to su g g es t  that such a re ch a rg e  
component would be of poor quality, i ts  vo lu m e  
may be r e s tr ic te d .
It i s  in teres t in g  to note that the groundwater  
a b stract ion  has exceeded  the d rou ght-year  
rep len ish m ent of intake are a  A ev e r  s in c e  1900-  
1910 (F ig .  1, Table 3) and the groundwater  
r e s o u r c e s  could be regarded  as  having been  
o verdeveloped  s in ce  that t im e .  That th is  would 
be taking an e x c e s s iv e ly  r e s tr ic te d  v iew  on 
developm ent how ev er ,  is  m ore  than proved by 
the many subsequent y e a r s  of in exp en s ive  w ater-
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Table  7 .  S t a t e  o f  d e v e l o p m e n t  o f  g r o u n d w a t e r  r e s o u r c e s .
A. Prob able  long term  a v e r a g e  conditions
A B A+B N otes
Estimated
replenishment M l/a
Current actual  
abstraction M l/a
Surplus or  
deficiency
M l/a  
%
29 000 24 000 53 000
34 000 3000 37 000
-5000  +21 000 +16 000
-17 +87 +30
Taking 300 m m /a  p rec ip ita t io n  
r e ch a rg e ,  and a s s u m in g  100 % 
in fi ltration  at Chalk outcrop and 
50% o v e r  upland Boulder C lay.
1972 data.
D.
Estimated
replenishment M l/a
S e v e r e  drought in a s in g le  y e a r
10 000 8000 18 000
Current actual  
abstraction M l/a
Surplus or  
deficiency
M l/a
34 000 3000 37 000
24 000 +5000 -1 9  000
-2 4 0  +62 -105
Taking 100 m m / a  p rec ip ita t ion  
re ch a rg e  and in fi ltration  a s s u m p ­
tions a s  above.
1972 data. In p r a c t ic e  y ie ld s  could  
probably not be m aintained and 
demand would not be a ch ieved .
C.
Estimated
replenishment Ml
S e v e r e  drought in two co n se c u t iv e  y e a r s
22 000 18 000 40 000
Current actual  
abstraction Ml
Surplus or Ml
deficiency %
67 000 6000 73 000
45 000 +12 000 -33  000
-2 0 5  +67 -82
Taking 225 m m  p rec ip ita tion  
re ch a rg e  in 2 -year  drought and 
in fi ltration  a ssu m p tio n s  a s  above.
1972 data. Y ie ld s  could probably  
not be m aintained in drought, a s  
above.
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that have been d erived  from  the Chalk  
with only l im ited  u n d es irab le  s id e - e f f e c t s .
i\iri icATK^ss Eoii r.xisTiso Asi) i rrvRE
SI R E L I E S
The balance of the ev id e n c e  p resen te d  does  
not of n ece ss ity  warrant a cut back in the  
abstraction from  the m ajor  public groundwater  
so u rc es . Both the Springhead and Dunswell  
so u rces are threaten ed  by sa l in e  intrusion  
particularly during s e v e r e  drought (the fo r m e r  
bv sa lin e  water or ig in a tin g  from  the Humber  
and  the latter from  that in the Chalk beneath  
H o ld e rn ess ) . T h e r e  m ay have been a m arginal  
w orsening of the s itu ation  s in c e  1 951 (cf.
Figs. IIA and C), but it s t i l l  a p p ears  unlikely  
that the ch lor ide le v e l  during drought in th e se  
sources will reach  50 m g / l ,  if  a b stract ion  is  
maintained at the p r e s e n t  le v e l .
In view of the v e r y  la r g e  groundw ater  
abstractions con cen tra ted  at d is ta n c e s  of only  
2 to 8 km from the I luniber, it is  pertinent to 
consider why th ere  has not been m o re  
extensive intrusion of sa l in e  w ater  from  the 
estuary. In ter feren ce  e f f e c ts  gen era ted  by this  
pumping can be m e a su r e d  at d is ta n c e s  in 
excess of 10 km to the north during e x tr e m e  
drought. While r e s t r ic te d  hydrau lic  co m m u n i­
cation through the bed of the Humber and fa lling  
yields in drought may both be c im tribu lory  
factors, it is m ore  l ik e ly  that a rapid down-dip  
decrease in aquifei- t r a n s m is s iv i t y  (probably to 
Ik'Iow 2(U) m - /d )  tow a id s  tlie Humber and 
Ixneath Holderness has p revented  a w o r se  
situation by l im iting  sa l in e  w ater  m ovem en t,  
even when high landward heads have p rev a i led .
It is c lear ,  h ow ever ,  that th e re  is  no 
further room for con ven tiona l la r g e  s c a le  
groundwater d evelopm en t in a re a  A, even  if the 
licensing anomaly is  re so lv e d ;  though ex is t in g  
or future sm a lle r  d e v e lo p m e n ts  for hort icu ltura l  
or industrial p u rp oses  may be p erm it ted .  One 
reservation in this con n ect ion  m ight be d e v e lo p ­
ment in or im m ediate ly  adjacent to the zone of 
I'ighly saline water in the c e n tr e  of Kingston-  
upon-Hull, s in ce  new a b s tr a c t io n s  h ere  might  
effect the total d is s o lv e d  s o l id s  and c h lo r id e  
concentrations of e x is t in g  groun dw ater  so u r c e s  
used for sensitive  in d u str ia l  p r o c e s s e s .
a result of the favou rab le  h y d rogeo log ica l  
conditions, engineering  m e a s u r e s  sp e c i f i c a l ly  
csigned to stop or  co n tro l  the in trus ion  of  
Ruling water from the Humber do not appear to 
c justified. H owever, the s itu ation  is  not one  
complacency, p a r t ic u la r ly  in the c a s e  of the  
Jhnghead source which i s  sep a ra ted  by only  
cind v e r t ic a l  d is ta n c e s  from  w ater  
•10 mg/l Cl" (F ig .  13), and an im proved
understanding of Chalk aquifer  h yd rau lics  and 
m onitoring  of the front of s a l in e  in trus ion  a r e  
required .
T h ere  is  sc o p e  for a b en ef ic ia l  r e - d i s t r ib u ­
tion of groundwater ab stract ion  for m ajor  public  
su p p lie s .  Cutting back o r  phasing  out production  
from  one or  m ore  of the ex is t in g  s o u r c e s  and 
th e ir  re p la ce m e n t  by groups of la r g e  d ia m e te r  
b oreh o les  in a re a  B would red u ce  the draught on 
s to ra g e  in intake area  A during e x tr e m e  drought 
and thus r e l ie v e  both the threat of sa l in e  in tru s ion  
and the com petit ion  between p r ivate  and public  
a b s tr a c to r s  in this a re a .  Som e c a r e  would be 
required  in the planning of th is  operation  so  that  
at no s tage  w as th ere  r i sk  of r e -e s ta b l i s h in g  
natural groundwater d isch a rg e  at the su r fa c e  
from  the Chalk aquifer in area  A, s in c e  this  
might c a u se  tro u b le so m e  p rob lem s to urban  
s tru c tu r es  and agricu ltura l drainage. The 
fo rm er  a r e  l ik e ly  to be the m ore  s e r io u s  s in c e  
n um erous suburbs to the north and w est  of 
K ingston-upon-H ull (Anlaby, W illerby and 
Cottingham) have been constructed  s in c e  the  
in it ia l fall in groundw ater le v e ls  and the 
c e s s a t io n  of spring d isch a rg e  e a r l ie r  in the  
century.
While re -d is tr ib u tio n  of m ajor public  
ab stract ion  would probably be the m ost  e f fec t iv e  
m anagem ent policy  for w ater r e s o u r c e s ,  o th e rs  
could a lso  be con s id ered .  For exam p le ,  the 
ex is t in g  so u r c e s  could be operated conjunctively  
w ilh other new s o u r c e s ,  l e s s  vulnerable to s id e -  
e f fe c ts  in drought and outside the area  under 
p resen t  con sid era tion .  The fo rm er  could then 
be pumped at m axim um  ra te s  at t im e s  of  h igher  
w ater  table with the abstract ion  ra tes  reduced  
p r o g r e s s iv e ly  during the r e c e s s io n ,  when the 
other so u r c e s  could be brought into h eav ier  
production. Another p o ss ib i l i ty  might be the 
a r t i f ic ia l  re ch a rg e  of the Chalk in are a  A 
using e x c e s s  flows on the R iver Hull and the 
H old erness  land drainage sy s te m ,  or other  
so u r c e s  such as  the R iver  Derwent. Such a 
sc h e m e ,  h ow ever ,  would require  com p lex  
techn ica l and econ om ic  stud ies  to a s s e s s  f e a s ib i l i ty
R E C O M M E S D A r i O S S  FOR FV T V R E  
IM'ESTIC.ATIOXS
An urgent requ irem ent,  for the im proved  
m anagem ent of the groundwater r e s o u r c e s  of 
North H um berside,  i s  the drill ing  of 6 to 8 
sm a l l  d iam eter  b oreh o les  pr in cip a lly  for the  
m onitoring  of the se a so n a l  and long ter m  m o v e ­
ment of the sa l in e  water fronts and th e ir  
a sso c ia te d  zon es  of m ixing.
Som e investigation  of the infi ltration through  
the upland Boulder Clay on the flanks of the 
Y ork sh ire  Wolds and of induced rech arge  from
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the drift dep osits  of tlio Hull V alley  would s e r v e  
to refine the w ater  b alance p resen ted  in this  
report. The fo r m e r  would probably have to be 
a p p r o a c h e d  by m onitoring  the sa turation  p ro f i le s  
of the Boulder Clay and re la t in g  them  to 
fluctuations in the groundw ater l e v e l s  in the  
underlying Chalk aquifer  and the la t te r  by a 
pumping test on a Chalk b o reh o le  with su itab le  
observation b oreh ole  co n tro l .
Before any m a jo r  r e -d is tr ib u t io n  o r  change  
in the m o d e  of d eve lop m en t  of groundw ater  
resources i s  attem p ted , further data on the 
hydraulic p ro p er t ie s  of the Chalk aquifer  a r e  
required. T h ese  could be g en era ted  by 
conducting three c o n tro l led  pum ping t e s t s ,  one  
in the outcrop a r e a ,  a s e c o n d  c l o s e  to the buried  
coastline and the third in K ingston-upon-H ull  
itself.
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Summary
T h e  outcrops of the major British aquifers, the Chalk and the Permo-Triassic 
Sandstones, form extensive tracts o f  valuable agricultural land in central, 
southern and eastern England. T he ir  g roundw ater resources in the main 
originate as rainfall which infiltrates farming land in these areas. As such 
they are, and always have been, directly vulnerable to diffuse pollution by 
agricultural practices.
Evidence o f  widespread pollution at significant or serious levels is mainly 
limited to nitrate, but the monitoring o f  many sources is ra th e r  scanty. Rapid 
rises o f  NOj-N in groundwater supplies from various parts  o f  eastern 
England since 1968-70 are the greatest cause o f  curren t concern; for the 
most part these rises are in regions of intensive cereal growing.
T h e  interpretation of the chemistry o f  water supplies pumped from an 
aquifer requires considerable caution, since their origin is liable to be 
complex. M any misconceptions result from a lack o f  understanding  o f the 
groundw ater  flow regime both above and below the water-table. A major part 
o f  the paper is thus devoted to a review of the physical properties, chemical 
characters  and hydrological regimes of the two major aquifers. T he  effect of 
stratification o f  recharge below the water-table in the deep Permo-Triassic 
basins and o f slow in tergranular  seepage in the thick unsa tu ra ted  zone of 
many Chalk aquifers could mean  that only a small proportion o f  water 
supplies at present abstracted will be recent (post-1970) infiltration. Both 
effects require fu rther  study; the Chalk unsatura ted  zone, in particular, 
being a highly controversial topic. B u t, if small components o f  recent 
infiltration do prove responsible for the recent increases, then these rises 
might be only 'the tip of the iceberg’ as far as NOj-N levels in groundwater 
supplies are concerned.
T h e  na tu re  o f  g roundwater systems, and the British aquifers in particular, 
is such that monitoring o f  the chemistry o f  water supplies alone is an 
inadequate basis, albeit the only one currently employed, for the management 
of  groundw ater quality.
Significance of groundwater in British water supply
Some 2 5 -3 0  per cent of all authorized water supply development in England 
and Wales is from groundwater resources. Coal mine drainage and cooling 
water  for electricity generation are excluded from this estimate. If potable 
supplies only are considered then the proportion approaches 40 per cent.
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'I'oial groundw ater  development is in the order o f  7,000 M l/d; o f  this more 
than 50 per cent is derived from the Chalk and about 30 per cent from the 
I’crmo-'I riassic Sandstones.
Although direct groundwater abstraction has in many places reached, and 
in some places surpassed, reliable yield calculated from the replenishment 
(Ineson, 1970), it is thought that by more effective deployment groundw ater  
can satisfy about 25 per cent o f  the demand for new supplies anticipated to 
the end o f this century (Water Resources Board, 1974). Fuller exploitation of 
the vast volumes o f  subsurface storage is the objective, in conjunctive use 
with surface water supplies, for river regulation by groundw ater  abstraction 
and by artificial groundw ater  recharge with surplus surface run-off.
T h e  increasingly complex effluent load in many lowland rivers may 
threa ten  the potability o f  water supplies obtained from them, particularly 
th rough  a wide variety o f  trace pollutants. It further  strengthens the case for 
protection o f  the high quality o f  most g roundwater supplies and the 
prevention o f  levels o f  pollution incompatible with potability.
In view o f  the importance o f  the Chalk and Permo-Triassic Sandstone 
formations in water supply at the national level, it is the intention to 
concentrate  exclusively upon them in this paper. It should be noted in 
passing, however, that groundwater from other formations (Jurassic and 
Carboniferous Limestones, Cretaceous Greensands and Alluvial/Glacial 
Gravels) is significant in the local water supply of some areas.
T h e  distribution of the Chalk Aquifer is shown in Fig. 1; in considering the 
risk o f  agricultural pollution the prirnar>' concern is with the groundw ater 
intake areas, which arc also volumetrically more important in water supply, 
rhey  arc essentially contiguous with the outcrop and comprise extensive 
wolds and downs in the counties o f  East Yorkshire, Lincolnshire, Norfolk, 
Cambridgeshire, Kent, Buckinghamshire, Berkshire, Wiltshire, H ampshire 
and Dorset. T he Permo-Triassic Sandstones generally occupy lower-lying 
land, often have a thick cover o f  drift or superficial deposits (Fig. 1) and a 
more complex recharge regime.
Physical and chemical characteristics of the major aquifers
CHAI.K
T he Chalk is a uniform, highly-pure and exceedingly fine-grained sequence 
of white limestones. T h e  bulk o f  the rock is normally composed o f  fragments 
o f  calcareous microfossils (known as coccoliths) o f  0 5—5 0 p m  diameter 
(Plate 1) together with scattered larger particles (mainly broken mollusc 
shells and foraminifera) o f  20 -100  pm  d iameter (Black, 1953). T h e  overall 
lithology o f  the rock depends on the relative proportions of the above 
constituents and on diagenetic factors (Bathurst,  1971). Soft porous white 
chalks are composed principally of coccoliths and have fairly scant 
cementation (Hancock and Kennedy, 1967); they dominate the sequence in 
the ‘southern depositional province’ (as far north  as Norfolk). Allowing for 
in trag ran u la r  in addition to in tergranular  pore space, the total porosity on 
deposition probably exceeded 0 50 and in the case o f  the Upper Chalk  o f  
Berkshire for example, 0 45 is still preserved at some points in the sequence 
(Edm unds et al., 1973). At occasional horizons (e.g., the Chalk Rock), 
hardgrounds formed with a porosity reduction to less than 0 15 by calcite
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cemcniaiion, wiih the development o f  glauconite and apatite and other 
distinctive features.
In the Chalk of the ‘northern  depositional province’, including 
Lincolnshire and East Yorkshire, cementation and hardening are more 
common features and dominate the sequence. Porosities are typically in the 
range 0 -13-0-21  (Poster and Crease, 1974),
The Upper and Middle Chalk sequence is broken only occasionally by 
prim ary marl bands (0 -01-0-20  m thick) and more often by secondary flints 
and stylolites with their associated marl seams.
Phe chalk of this sequence is itself an exceptionally pure limestone, the 
acid insoluble fraction being only 0 -5  per cent, with montmoriiloniie and 
clay mica as the most frequent clay minerals (Weir and Cati ,  1965; Young in 
G ray , 1965; Jeans, 1968). T he  lx>wer Chalk is distinctive by its more marly 
character ,  by the presence of other impurities imparting colour to certain 
horizons and by the general absence o f  flints. Acid insoluble residues of 5-30  
per cent are common and kaolinite is often present as an additional clay 
mineral. O ther frequent trace impurities in the Chalk are quar tz ,  apatite and 
disseminated pyrite, the la tter being commonly oxidized to calcium sulphate.
Uespitc high porosity, laboratory samples of Chalk exhibit very low 
permeability, rarely exceeding 10’  ^ m/d (Table 1). This combination of 
physical properties is a reflection o f  the exceedingly small particle sizes and 
pore diameters (Plate I). PSD determinations by the mercury-injection 
method (Pig. 2) show the bulk o f  the pores to have equivalent capillary 
diameters o f  0 -3 -1 -5  //m. Drainage will occur only under tensions o f  the 
order o f  2 -5  atmospheres, explaining the very low specific yields and very 
high specific retentions obtained in centrifuge tests on core samples (Table 1).
1 he values o f  less than 0-01 and frequently less than  0-005 for the former, 
probably represent drainage from an occasional pore o f  larger diameter.
In its saturated zone the Chalk Aquifer is thus an entirely fissure-flow and 
largely fissure-storagc aquifer, the pore-water being for the most part 
physically immobile. T he  flow of groundwater through the rock mass is 
controlled by the geometry of discontinuities (inclined joints, bedding planes, 
less regular fissures and cavities and solution openings) with respect to 
na tu ra l  or applied heads. Very high transmissivities (more than 100,000 
times the in terg ranu lar  component) arc frequently reported from the outcrop 
area (Table 1), It is thought that high permeability has developed due to 
limited calcite solution mainly on horizontal discontinuities (Plates II and III) 
during  long-term circulation o f  fresh groundwater to existing and pre­
ex is ting  base levels (Foste r  and M ilton , 1974). Such  horizon ta l  
discontinuities are particularly well developed in the Chalk o f  the ‘northern 
depositional province’ but occur fairly frequently in the south also. 
Permeability is not evenly developed throughout the entire thickness of the 
formation and is frequently concentrated at shallow depths below the water- 
table and in the zone o f  seasonal water-table fluctuation. At depth there is 
often little g roundwater flow.
1 he significance of inclined jointing in the development of secondary' 
permeability is not well understood; it is believed that the in situ  horizontal 
permeability normally exceeds that in the vertical direction by more than one 
order o f  m agnitude. In quarry  exposures the rock mass is normally traversed 
bv relatively large numbers of  inclined joints (Plate IV). These may appear
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dosed ‘light’ ai relatively shallow depths o f burial but il should be borne in 
mind that small openings can impart high permeability to a rock mass (Foster 
and M ilton, 1974). For example, if each joint o f a parallel set with 1 metre 
spacing had an effective opening o f only 0-2 mm, a permeability o f 400-4,000  
times the vertical intergranular value would be developed.
In summary the Chalk is a most unusual aquifer containing two 
contrasting physical components -  a small volume /h igh  permeability fissure 
pt>rosiiy and a large volume/very low permeability intergranular porosity. By 
virtue o f the minute pore diameters, the latter will be almost always fully 
saturated, even in the unsaturated zone. In addition to the small volume o f  
minerals o f high cation exchange capacity, there thus must be a large 
capacity for straightforward dilution of new constituents in the fissurc-water 
by aqueous diffusion with the pore-water system (Foster, 1975). Major 
pollution o f the aquifer will probably have occurred before it is recognized by 
the associated pollution o f groundwater supplies and will remain long after 
the source o f pollution has been eradicated.
Pr.RMO-TRIA.SSlC SANDSTONES
In contrast to the Chalk, the Permo-Triassic Sandstones are more normal 
aquifers, with significant intergranular permeability accompanying moderate 
porosity at most horizons.
They are, however, also essentially consolidated formations and in recent 
years (Lovelock, 1972; Williams et al., 1972; Brercton and Skinner, 1974) it 
has become increasingly apparent that fissure-flow normally plays a 
significant or dominant role in their hydraulics (Table 1).
'Phe Permo-Triassic Sandstones show wide vertical and lateral lithological
74  Agriculture and Water Quality
variation on all scales. In each area where they are present a number of 
lithological sub-divisions are usually recognized. A comprehensive work on 
the litholopcal and hydraulic characteristics o f the sub-divisions in the 
various regions is available (lovelock , 1972) and indicates that the physical 
parameters also vary widely within a given sub-division in any given area. 
This is a reflection o f their largely fluvial environment o f  deposition. A 
typical sedimentary feature is the fining-upward cycle from basal pebbly 
sandstones through laminated fine-to-medium grain sandstones and 
siltstones, the topmost member of the cycle being a thin impersisteni 
mudstone or marl. The thickness o f individual cycles and the relative 
thickness o f each part of the cycle varies widely from formation to formation. 
Aeolian sandstones are also well developed at some horizons in certain areas.
For the present purpose it is practical to give only a general idea o f the 
range o f physical properties likely to be encountered, by reference to specific 
examples. At a site in Nottinghamshire, Williams et al. (1972) recognized 
four distinct lithologies within the Lower Mottled Sandstone and the Bunter 
Pebble Beds (known collectively as the Bunter Sandstone). The commonest 
rock type was a fine-lo-medium grained sandstone characterized by a 
permeability o f 4 -6  m/d but exceptionally reaching 16 m/d, a high porosity 
(0 30) and a centrifuge specific yield o f over 0 20. Other rock types present 
included highly-laminated sandstones with permeability ranging from less 
than 1 m/d to 8  m/d with lower porosity and centrifuge specific yield, well- 
cemented sandstones with a porosity o f about 0  2 0  and permeabilities o f only 
about 0 3 m/d and mudstones with permeabilities o f less than 1 0 ’  ^ m/d. 
Average overall horizontal permeability determined from field pumping tests 
proved to be about 5 times the value calculated for intergranular 
permeability from tests on laboratory samples and the lithological log. The 
range o f  physical properties o f the Bunter Sandstone in Nottinghamshire is 
fairly representative o f the characteristics o f the Permo-Triassic Sandstones 
in other areas (Table 1) although fine-grained, well-cemented sandstones of 
less than 1 m/d permeability dominate in some areas, notably North 
Yorkshire and the Cumbrian coast (Lovelock, 1972).
The bulk o f  the sandstones are formed o f quartz and feldspar, which are 
relatively unreactivc. Clay minerals (kaolinite, montmorillonite and clay 
mica) and various species o f hydrated ferric oxides arc normally abundant in 
the matrix (Taylor in Sylvester-Bradley and Ford, 1968; M organ-jones, 
personal communication). The sandstones are predominantly red, the 
abundance o f haematite being directly related to the colour; green or white 
mottling is fairly common and resulted from syndepositional or diagenetic 
reduction o f the primary red iron oxides.
T y p ic a l h y d r o lo g ica l r e g im e s  and  h y d r o c h e m ic a l e n v ir o n m e n ts
CHA1.K
The Chalk Aquifer tends to develop similar hydrological regimes wherever 
it occurs; cross-sections o f two areas arc given (Fig. 3). In the present paper 
the main concern is with the intake area o f the aquifer, since here exists the 
greatest risk o f pollution from the surface. The following discussion is 
accordingly biased.
Over much o f the intake area the Chalk itself is at outcrop with only a thin
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soil cover; elsewhere 0 -5 -3  m of superficial deposits (upland Boulder Clay, 
residual clay-wiih-flints) may also be present. In these areas most, if  not all, 
the excess rainfall infiltrates and aquifer recharge rates in the range 100-500  
mm/a result, depending on the meteorological variables. Long-term average 
annual infiltration is usually 2 0 0 -300  mm. In contrast recharge through a 
Boulder Clay cover o f 10 m or more thickness, in the sub-artesian confined 
areas o f East Anglia for example, is less than 100 m m/a, and may only be 
induced by groundwater abstraction. Infiltration in any year is mainly 
limited to a few weeks during September—March but minor infiltration is 
sometimes observed following high intensity rainfall outside these months.
The unsaturated zone is normally 10—100 m thick. For many years it was 
thought that fissure-flow at rapid rates dominated downward groundwater 
movement through the zone after infiltration, in the same way as horizontal 
flow in the saturated zone is localized in fissures. However, the low-level o f  
thermonuclear tritium in the saturated zone throughout most o f  the intake 
areas and the form of the unsaturated zone tritium profiles at two sites 
(Smith et al., 1970; Smith, 1973), have been interpreted to indicate a largely 
intergranular flow regime in the unsaturated zone with average seepage rates 
o f less than 1 m/a. Such a flow regime is not easy to reconcile with the 
hydraulic properties o f  the Chalk (Foster and Crease, 1974); it is particularly 
difTicult to explain the higher of the short-term infiltration rates (over, say, 
2 0  mm/d) during periods o f zero soil moisture deficit, without evoking a 
major compwncnt o f fissure-flow. Surface run-off might be expected from 
non-joinied Chalk. The case for a dominantly slow regime o f downward flow 
in the unsaturated zone is still far from proven. Resolution o f the controversy 
is o f  major relevance to the understanding o f pollution from the land surface 
in Chalk outcrop areas (Foster and Crease, 1974). Attention has been drawn 
to the unusual physical properties of the Chalk; it appears possible that these 
might lead to a manifold dilution o f new constituents in circulation in the 
fissure-water (such as thermonuclear tritium), by aqueous diffusion into the 
apparently older and immobile pore-water (Foster, 1975). It is interesting to 
note that Chalk porc-watcrs can be more highly mineralized than the present 
fissu re-water at the same horizons (Edmunds, personal communication).
It has been recognized for some years (Buchan, 1958) that many o f the 
chemical characteristics o f Chalk groundwaters in the saturated zone are 
acquired before the recharge has infiltrated more than 1 - 2  m through the soil 
and surficial layers. Some further solution o f Chalk is indicated by the 
subsequent increases in alkalinity reported (from 80-1 7 0  m plitre to in excess 
o f 210 mg/litrc). Throughout the intake area solution reactions predominate; 
the rain water taking up carbon dioxide produced by microbiological activity 
in the soil and dissolving calcite to produce an essentially Ca **, HCO 3  water 
with other ions subordinate (Ineson and Downing, 1963). Most groundwaters 
o f carbonate aquifers are saturated with respect to calcite at the given field 
temperature, pressure and pH (Hem, 1963) and precipitation may occur if 
conditions change. Na% Mg SO;'and CF are commonly higher in Chalk 
groundwater in those intake areas where a thin clay cover is present.
Not enough is known about the capacity o f the Chalk and chalk soils for 
self-purification o f polluted recharge. Any heavy metals may be co-precipi- 
latcd and ion exchange processes may immobilize the exchangeable cations, 
though no quantitative data arc available. Although the bacteriological
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quality o f Chalk groundwaters is usually high, incidents o f  contamination are 
known for most sources sited on the outcrop, even in areas without water- 
table quarries or other direct pollution threats; natural mechanical filtration 
is thus not as clTective as in unconsolidated formations.
The permeability heterogeneity in the saturated zone has already been 
described, the major development of fissure permeability frequently being 
localized at restricted levels. At these levels natural groundwater flowrates 
will frequently exceed 100 m/d and perhaps reach 500 m/d locally. (Karsiic 
solution features, however, are uncommon even on a small scale, except 
where rather exceptional local conditions occur.) At depth there is often 
minor or insignificant development of fissure permeability, and in the absence 
o f a significant intergranular component, water supply boreholes derive no 
measurable inflows (e.g., Foster and Milton, 1974).
There is little evidence to suggest that even marginally anaerobic 
conditions are likely to be established anywhere beneath the aquifer intake 
area, except at times in the soil horizon and possibly also at greater depth 
beneath some intensive animal feeding areas. A plentiful supply o f air is 
presumably present during the infiltration process and will probably be 
maintained by diffusion through the unsaturated zone, though in situ 
measurement o f Eh in groundwater is subject to difficulties (Hem, 1963). 
Groundwater chemistry may be affected by slow changes in the input o f  
oxygen to aquifers due to groundwater development or to differing 
agricultural practices. Down-dip in the confined zones, beyond the areas o f  
major groundwater circulation, flowrates are reduced by more than two 
orders of magnitude and a complex chain o f hydrochemical changes occurs 
(Ineson and Downing, 1963; Edmunds, 1973), including cation exchange 
reactions with the clay minerals o f the confining bed, development of 
reducing conditions and mixing with connate water.
I'h R.Mt>TRI.\SSIC SANDSTONES
ITe hydrological regimes and hydrochemical environments associated with 
the intake areas o f the Permo-Triassic Sandstones differ in a number of 
significant ways from those associated with the Chalk.
In general, the formation has a greater thickness than the Chalk, most of 
this thickness being located below local hydrological base-level (Fig. 4) and 
possessing moderate intergranular permeability. The ratio o f the available 
aquifer storage in the intake area to average annual throughput is probably 
more than 50 for many Permo-Triassic Sandstones compared with less than 5 
for the Chalk. In the absence of heavy pumping, localized shallow flow 
regimes tend to develop around the natural discharge areas with stratification 
o f the recharge. The most recent recharge is likely to be found in a thin layer 
immediately below the water-table with older fresh water below and 
invariably giving way to connate, increasingly-saline water in depth. Deep 
pumping boreholes frequently tap a mixture o f groundwaters o f various 
origins and recharge histories and the chcmistr>’ of their discharge may var>’ 
widely depending on the details o f production regime and construction 
(Fig. 5). Supplies from neighbouring boreholes o f different depth may have 
widely different concentrations of any pollutants derived from the surface 
and present only in recent recharge. Groundwater quality monitoring can
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only be cfTeciivcly undertaken ai a three-dimensional level with accurately 
located depth samples being regularly obtained from purpose-drilled 
boreholes. Such data are rarely available even locally.
I he outcrop o f the Permo-Triassic Sandstones tends to form lower-lying 
land than that of the Chalk and is frequently transected by naturally effluent 
rivers, which may become influent with heavy groundwater development. 
The outcrop is frequently drift covered and in general develops thicker soils 
than the Chalk.
Groundwater flowrates will still be relatively high when a fissure-flow 
component is present but at many horizons where fissure permeability 
development is minimal natural flowrates are unlikely to exceed 5  m/d.
Precise data on the hydrochemical environments are very limited. In the 
West Midlands aerobic conditions generally appear to exist to at least 100 m 
bgl and carbonate saturation is only encountered in the lithological units 
with calcareous cement (Edmunds, personal communication).
E vidence for regional groundw ater pollution  by agricu lture
It is now of interest to examine any evidence for regional pollution of our 
major aquifers by agriculture. In this connection it is important to distinguish 
diffuse pollution at a regional level, resulting from efficient farming 
practices, from localized incidents originating at point sources.
Many facets o f soil and crop management clearly have the potential to 
cause deterioration in groundwater quality, particularly bearing in mind that 
the hydrochcmical characteristics are largely acquired during initial 
infiltration through the soil layers (Buchan, 1958). Included arc manuring 
and slurrying, fertilizer application and the use of pesticides and herbicides. 
Numerous compounds arc applied for soil fertilization and management: 
N H ,O H , N H ,N O „ (NHJ^CO, (N H J^SO ,, NH.H^PO,, Ca (HjPO,)^, KCl, 
CaSO^, CaCOj. Among the fertilizer constituents K, NH^ and P have strong 
affinity for soil minerals and do not usually migrate far from the point of 
application but the anions N O ,, Cl and S^ 0^  arc highly mobile in soil water 
(Kurtz, 1970). Since nitrate is unique, being the most soluble and being 
added in the largest amount to soils and representing a health hazard at 
relatively low concentrations in water supplies (\X-orld Health Organization, 
1970), it is o f primary interest. Leaching by drainage waters, though difficult 
to quantify, is always potentially a major process in the fate o f fertilizer 
nitrogen. Among other changes in agricultural practice the application of 
fertilizer nitrogen has increased many fold in Britain during the past decade.
The only data available for the identification o f long-term NOj-N trends in 
British groundwaters arc derived from the routine quality monitoring o f raw 
waters from public supply sources. In many cases even these data are 
relatively sparse prior to 1965. There are other obstacles to interpretation. 
The problems o f nitrate determination in natural waters are well known 
(Waters, 1964) and pose questions on the reliability o f routine analyses 
(Foster and Crease, 1974). Pumped groundwater samples are invariably 
mixtures of different origins (Fig. 5) and long-term trends in the aquifer 
recharge chemistry may be damped or masked by dilution with older water in 
storage or by intermittent local pollution. The source o f nitrate pollution may 
be in part other than agricultural (e.g., from an influent polluted river or
[continued on page 82)
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Fig. 5. Hypothetical aquifer profiles to illustrate potentially complex origin of 
pumped groundwater supplies/samples.
Vulnerabiliiy o f  groundwater resources to pollution 81
(b) Trtassic Sandstone (th ick  sequence, in-situ
vertical perm eability  « h o r iz o n ta l  perm eability ); 
CASE 1 deep borehole, CASE 2 shallow borehole
CASE 1 p um p ed  d is c h a rg e  
< 5 0 % p o s i- l§ 5 5  perhaps< 10%  1974 
CASE 2 p u m p ed  d ischarge  
I »  >90%  p o s t-1 9 5 5 , perhaps 30% 197 4
p r o p o r t io n  o f m o b ile  g ro u n d w a te r  
a t g iven d e p th  of s ta te d  re ch a rg e  d a te
0 60% . 100%!
in  s n u  h o r iz o n ta l 
p e rm e a b il i ty  (m /d I
10 100
u n s a tu r a te d  zo n e  
(v e rtica l flow )
-X----
1974
fissu re
p e rm e a b il i ty
P» ■
O .
82 Agriculture and Water Quality
from direci seepage o f sewage effluent). Such factors should be remembered 
when viewing the data presented in Figs. 6  and 7; they have, however, been 
minimized by considering annual mean NOj-N levels and by selecting pairs 
or groups o f adjacent sources with comparable trends, which are free from 
persistent organic or bacteriological pollution and in most respects o f high 
quality. The data from East Yorkshire, North Lincolnshire and the 
Eastbourne area o f Sussex are after the published work o f Foster and Crease 
(1974), Davey (1970) and Sumner (1973), and Greene and Walker (1970) 
respectively.
In Fig. 6  the NOj-N trends for five pairs o f Chalk groundwater sources 
in different regions are compared. All the sources concerned have comparable
■ Eâit Vorki (AI & A2) No. of determinations 
in year concerned
 North L i r K S  (81 & 82)
  Cambridge (C1 & 02)
  Bucks (01  & 02)
•  less than 4 
O 4 - 2 0
•  rrxsre than 20
 Oorset (E l & E2) P A
C2 AI
Cl
C2
A2
C2
vO'
O02
AI
1970I960 1965
15
10 5
6 ’
z
60%
proportion of grassland 
in brackets
ea 39.9 km '
Sumner. '^*
50% g
.^..(10%)
(39%) (28%)
30% Ô
20% 2
10%
Fig. 6. Trends in NO,-N levels for selected pairs of Chalk groundwater sources with 
land iise data for corresponding catchments.
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hydrogeological cnvironmenis, though there are differences in Chalk 
stratigraphy and the character of the Drift cover. The proportion o f cereals 
in the land use o f the parishes forming the groundwater catchment of the 
sources is also given; a broad correlation is apparent and has perhaps been 
accentuated by the major increase in fertilizer nitrogen application to cereals 
in the last decade. Some seasonal fluctuation in N O 3 -N  levels is normally 
present (Fig. 8 ) and leads lo significantly higher maxima (Table 2) than are 
apparent in Fig. 6 , where annual means only are considered. In North 
Lincolnshire in particular a substantial increase in mean N O 3 -N  levels has 
occurred and the lower W.H.O. limit (11-3 mg N O 3 -N /I )  is now frequently
20
15
10
5
A l.  C halk. East Y orks
B l. Chalk. N o rth  Lines
G2. Perm o-Triassic 
S and sto n e , N orth  Y orks.
0
Fig. 8. Fluctuation of NO,-N levels in selected groundwater sources during 1972.
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exceeded. Concomitant increases in SO^ from 65 to 90 mg/l and Cl from 30 
to 40 mg/1 are reported (Sumner, 1973). Significantly lower NOj-N levels arc 
characteristic o f the selected sources in Buckinghamshire and Dorset, where 
the corresponding land use data indicate less than 35 per cent dedicated to 
cereal growing.
Few data were available to the author on Permo-Triassic Sandstone 
groundwater sources (Table 2). Values for the two areas illustrated in Fig. 4, 
West Midlands and North Yorkshire, are given, the latter having high NOj-N  
levels and being an area o f intensive cereal growing. It should be noted, 
however, that fairly wide variations in NOj-N concentrations have been 
observed between adjacent boreholes throughout both these regions 
(Edmunds and Edwards, personal communications) and probably reflect 
stratification o f  groundwater recharge and complex origin o f pumped 
samples. Some high NOj-N levels (above 15 mg/l) are frequently reported 
from farm boreholes. These may be due to adjacent point sources o f pollution 
or to the shallow depth o f the boreholes concerned, or to both.
In Fig. 7 the annual mean NO 3 -N trends are presented for three further sets 
o f important groundwater sources, all o f  which are experiencing very marked 
nitrate pollution. While the leaching o f fertilizers applied to cereals could also 
be a major factor in these areas, the more restricted acreages suggest that 
either another source o f pollution may be present or that, for some reason, 
the soils are more vulnerable to leaching. Similar trends to that o f  source Y 2  
(Fig. 7) have also been reported for Chalk groundwater supplies in the Sutton 
area o f Surrey (McCanlis in Greene and Walker, 1970).
As statistical study o f groundwater chemistry, employing over 400 samples 
in an area o f  1 , 0 0 0  km^, o f an outcrop glacial sand-and-gravcl aquifer in the 
North German low lands has been reported by Groba and Hahn (1972). 
Strong evidence o f the influence o f  land use and o f the pollution potential o f  
extensive areas o f  intensive cereal growing was revealed. In such areas 
groundwater nitrate levels normally exceeded 10 mg N O 3 -N /I  and reached 40 
mg N O 3 -N /I .  There was some evidence o f an increasing trend. In contrast 
samples from below extensive tracts o f meadow and forest were less than 1  
and 4 mg N O j- N /1 respectively. In areas o f mixed land use intermediate levels 
were recorded.
Malpractice in the handling, storage or disposal o f agricultural feedstuffs, 
chemicals and wastes clearly also threatens groundwater quality locally. 
Normally incidents have to be assessed on an individual basis. In a detailed 
study, Gilham and Webber (1969) report nitrate levels o f 15 mg N O 3 -N /I  up 
to 30 m from a manure storage area on a shallow unconsolidated aquifer, 
whose background levels were about 2 mg N O 3 -N /I .  The polluted recharge 
was o f very small volume and was rapidly dispersed by dilution. It was 
estimated that the rate o f leaching did not exceed 0 03 kg N/d (and was 
probably less than 5 kg N/a). By taking core samples Stewart e t  a i  (1967) 
found low Eh values beneath similar sources of pollution and that lack of 
oxygen was apparently inhibiting NO 3 * formation from the relatively 
immobile N h /  ions in the leachate. Richards (1972) has discussed the 
pollution potential o f  silage clamps sited on the Chalk outcrop, which are 
likely to generate a small volume (less than 0 1 M l/a) o f liquor with very high 
N H / ,  B .O .D. and phenols.
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Mosi pesticides and herbicides are believed to be rapidly immobilized by 
absorption in soils (Eye, 1968; Scalf et al., 1969) and Croll (1972) was 
unable to detect any pollution in an area o f the Chalk o f Kent with shallow  
water-table and the highest rates o f pesticide application in Britain. 
Comprehensive investigations, however, have not been undertaken.
D isc u ss io n  o f  th e  p ro b lem  o f  g ro u n d w a te r  q u a lity  m a n a g e m e n t
It is now well established that groundwater supplies abstracted from 
numerous areas o f the major British aquifers are significantly polluted by 
nitrate. The evidence suggests a rising trend in these areas but problems in 
the routine chemical analysis for nitrate together with the general sparseness 
of pre-1965 data, make it difficult to establish with certainty the precise rate 
of rise. It appears likely that changes in land use and agricultural practice, in 
particular the increased acreages devoted to cereals and the increased use o f  
nitrate fertilizers to sustain them, are either directly or indirectly the cause of  
the rising levels. In some cases there may also be other sources o f pollution 
present.
The predominance o f rapid fissure-flow in the saturated zone o f the Chalk 
and, to a degree, in the Permo-Triassic Sandstones, limits the effectiveness of  
‘protected areas' around major water supply sources, although such areas do 
afford a degree o f protection against heavy bacteriological pollution. The 
self-same process o f fissure-flow, however, should ensure relatively thorough 
mixing between groundwater recharge from immediately adjacent areas and 
down streamlines. This factor probably accounts for the fairly even 
distribution o f nitrate revealed in detailed surveys o f Chalk groundwater 
chemistry in pans o f East Yorkshire (Foster and Crease, 1974) and North 
Lincolnshire (Sumner, 1973). It is suspected that only immediately after 
groundwater recharge will differences be observed in the groundwater 
chemistry between direaly adjacent areas o f differing land use.
Where diffuse groundwater pollution by agriculture is concerned, the 
management o f the pollution at tolerable levels appears on numerous grounds 
to be a more practical approach than measures for its prevention or 
elim ination, except where trace toxic compounds are concerned. The most 
important process in groundwater quality management will probably in 
many instances be dilution.
There is a pressing need to predict the maximum likely NOj-N levels that 
may be encountered in the future and it is thus o f interest to discuss the 
sources o f dilution in this context. Since there is, as yet, no evidence for the 
widespread presence o f  anaerobic conditions beneath the intake areas o f the 
major aquifers, denitrification cannot be assumed to reduce the NO 3 -N levels 
of the groundwater recharge. Now Cooke and Williams (1970) reported that 
the maximum NOj-N concentrations in drainage water from plots o f winter 
wheat receiving 95 kg N/ha on the Chalk at Rothamsted did not exceed 30 
mg N O ,-N /l. If the drainage waters from adjacent grassland and other fields 
contained 4  mg NO 3 -N/I then the groundwater recharge would rapidly be 
diluted to 20 mg NO 3 -N/I, in an area with 60 per cent o f the land employed in 
cereal growing. Leaching at similar or higher levels would presumably result 
only for short periods under unfavourable conditions w th  heavy spring 
rainfall. Groundwater already in storage and largely originating from winter
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recharge would be likely lo have lower NOj-N levels and to provide further 
dilution in the case o f supplies pumped from aquifers. Nevertheless such 
conditions will always be liable to produce troublesome levels intermittently.
Long-term average nitrate levels in the drainage water from the 
Rothamsted fertilized winter wheat plots were about 7 mg NOj-N/1 (Cooke 
and Williams, 1970), representing a loss o f some 18 kg N A a for 250 mm of 
infiltration. It should be noted that larger leaching losses are to be expected 
from spring sown cereals and from less-controlled fertilizer application, and 
that the Chalk at Rothamsted has a cover o f residual clay-with-flints and may 
not be typical of the thin light sandy soils associated with most Chalk wold 
and downland.
A serious situation would develop if  losses of, say, 50 kg N /ha were more 
representative o f intensive (60 per cent) cereal growing areas. For 250 mm of 
infiltration the average NOj-N in the groundwater system would eventually 
rise to 14 mg/1; for less infiltration (200 mm) the corresponding level would 
be 17 mg N 0,-N /1 . It is o f interest to note that the annual average NOj-N  
level o f the selected sources in North Lincolnshire, the Selby area and the Isle 
o f Thanet are currently in the range 11-15  mg/1 (Table 2). Any increase 
above 4 mg NOj-N/I in the amount o f NOj-N ‘leaking’ from grassland would 
further aggravate the position. Since it is on grassland that the greatest scope 
for increased fertilization probably exists, this situation requires careful 
observation.
Moreover it is most important to bear in mind that all the reported cases o f  
rising NOj-N levels refer to the levels in supplies pumped from an aquifer, the 
origin o f  which is liable to be complex (Fig. 5). While the case for a 
dominantly slow regime of downward flow in the unsaturated zone o f the 
Chalk, for example, is still far from proven, its existence would imply that 
only a small proportion o f present Chalk water supplies will be post-1970 
infiltration. A similar effect produced by an entirely different process could 
occur for some Permo-Triassic Sandstone boreholes (Fig. 5).
Since, in theory at least, these small components o f recent infiltration 
could alone be responsible for the rises in NOj-N levels, the aquifers con­
cerned could already be more extensively polluted than the current NOj-N  
levels in the pumped supplies might suggest. There can be no grounds for 
complacency until active surveys have been undertaken in various areas to 
establish the spatial distribution o f NO ,-N  (and other constituents) 
throughout the aquifers both above and below the water-table and to 
determine the rates o f physical movement and chemical modification in the 
component parts o f the groundwater system. Monitoring o f the chemistry of 
groundwater supplies alone will not safeguard against the cumulative effects 
of diffuse F>ollution and is an inadequate basis for the management o f  
groundwater quality.
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Chalk pore-size measurements 
and their significance
byM  Price, M  J Bird and S S D Foster*
In the c u r r e n t  d i s c u s s i o n  o f  p r o b l e m s  r e l a t e d  t o  
Chalk w a te r  r e s o u r c e s ,  t w o  i s s u e s  f ig u re  p r o m i n e n t l y :
1 ) W hat a r e  t h e  f l o w  m e c h a n i s m s  a n d  f lo w  r a t e s  o f  
water a n d  o f  p o l l u t a n t s  t h r o u g h  t h e  u n s a t u r a t e d  
zone of t h e  a q u i f e r ?  S t u d i e s  u s i n g  t h e r m o n u c l e a r  
tritium h a v e  i n t r o d u c e d  t h e  p o s s i b i l i t y  o f  a  p r e ­
dom inan t ly  s l o w ,  i n t e r g r a n u l a r  f l o w  r e g i m e  in 
the u n s a t u r a t e d  z o n e  ( S m i t h  a n d  o t h e r s ,  1 9 7 0 ;  
Smith, 1 9 7 3 ) .  S u c h  a r e g i m e  c o u l d  i m p l y  a 
serious d e t e r i o r a t i o n  o f  g r o u n d w a t e r  q u a l i t y  in 
the fu tu re ,  b e c a u s e  p o l l u t a n t s  w h i c h  h a v e  e n t e r e d  
the g r o u n d  in i n c r e a s i n g  q u a n t i t i e s  d u r i n g  r e c e n t  
years w o u l d  st i l l  b e  in t r a n s i t  t o  t h e  w a t e r  t a b l e  
(Foster  a n d  C r e a s e .  1 9 7 4 ;  F o s t e r ,  1 9 7 6 ) .
2) Can g ra v i ty  d r a i n a g e  o f  C h a lk  p o r e  w a t e r  b e  
expected  t o  c o n t r i b u t e  t o  t h e  a q u i f e r ' s  s p e c i f i c  
yield? A n u m b e r  o f  m a j o r  s c h e m e s ,  c u r r e n t l y  
under d e v e l o p m e n t ,  a im  to  u s e  t h e  n a t u r a l  s t o r ­
age of t h e  C h a lk  a q u i f e r  t o  a u g m e n t  r iv e r f lo w  
during d r o u g h t .  A t  p r e s e n t  t h e r e  is  u n c e r t a i n t y  
about t h e  v o l u m e  o f  t h i s  e x p l o i t a b l e  s t o r a g e  a n d ,  
in pa r t icu la r ,  w h e t h e r  t h e  C h a lk  p o r e  s p a c e  is 
likely to  c o n t r i b u t e  s i g n i f i c a n t l y  t o  it  ( F o s t e r  a n d  
Milton. 1 9 7 4 ;  F o s t e r  1 9 7 5 a ) .
While the  d e g r e e  o f  o p e n  f i s s u r e  d e v e l o p m e n t  in 
Ae Chalk e x e r c i s e s  t h e  m a j o r  c o n t r o l  o v e r  i t s  b e h a -  
flour as an a q u i f e r ,  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  
fock mass i ts e l f  a n d ,  in p a r t i c u l a r ,  t h e  p o r e  d i m e n ­
sions, are of d i r e c t  r e l e v a n c e  t o  c o n s i d e r a t i o n  o f  t h e  
above q u e s t io n s .  F u r t h e r m o r e ,  t h e y  a r e  s u c h  a s  t o  
inake it a m o r e  u n u s u a l  a q u i f e r  t h a n  is  g e n e r a l l y  
cognised. D u r in g  r e c e n t  y e a r s  a  n u m b e r  o f  p o r e -  
« 0  m e a su re m e n ts  h a v e  b e e n  m a d e  b y  t h e  I n s t i t u t e  
of Geological S c i e n c e s  in t h e  c o u r s e  o f  v a r i o u s  
fosearch p r o g r a m m e s .  In t h i s  p a p e r  all t h e  I n s t i t u t e ' s  
pore-size m e a s u r e m e n t s  o n  t h e  C h a lk  h a v e  b e e n  c o m ­
bined both t o  i l l u s t r a t e  s o m e  o f  t h e  a b o v e  a s p e c t s  
2nd for the  g e n e r a l  i n f o r m a t i o n  o f  e n g i n e e r s  a n d  
scientists c o n c e r n e d  w i t h  t h e  d e v e l o p m e n t  a n d  
Sagem en t  o f  C h a lk  g r o u n d w a t e r .  T h e y  m a y  a l s o  b e  
of interest to  a g r i c u l t u r a l  s c i e n t i s t s  a n d  e a r t h  s c i e n -  
working in o t h e r  f ie ld s .
background
Ifie Chalk is t h e  m o s t  i m p o r t a n t  a q u i f e r  in B r i ta in ,  
Supplying a b o u t  1 5  p e r  c e n t  o f  all p o t a b l e  w a t e r  
W ies in t h e  c o u n t r y .  T h e  p r e c i s e  o r ig in  o f  t h i s  
Joograined l i m e s t o n e  is  st i l l  t h e  s u b j e c t  o f  d e b a t e ,  
lit was p r o b a b ly  d e p o s i t e d  in a r e la t i v e ly  s h a l l o w  
u-within t h e  r a n g e  o f  1 0 0  t o  6 0 0 m  d e e p .  E le c t r o n  
icroscopy s h o w s  it  t o  b e  c o m p o s e d  p r e d o m i n a n t l y  
calcareous p l a t e s  f r o m  t h e  s k e l e t o n s  o f  p l a n k t o n i c  
|3nisms ( c o c c o l i t h s ) ,  w i t h  l i t t le  c e m e n t a t i o n  
I Ptes 1-4). T o g e t h e r  w i t h  a s m a l l  p e r c e n t a g e  of 
•calcareous m a t e r i a l ,  t h e s e  p l a t e s  m a k e  u p  t h e  
, ciatrix of t h e  r o c k ,  in w h i c h  w h o l e  c o c c o l i t h s  a n d  
w n t s  of l a r g e r  s h e l l s  m a y  b e  e m b e d d e d .  A n
Departm ent, Institute of Geological
•'"ces, London.
Plate 1 Upper Chalk from Berkshire (sam ple No 899-3V: depth  
98.3m: effective porosity  (a )  42.1 per cent; permeability (k )  
4.6 md; median pore diam eter (dv>) O.SOfim). Note the abun­
dance of w ell preserved coccoliths. The field of view  is about 
15fim. ‘
Plate 2 Upper Chalk from Yorkshire (721V; quarry face; a = 
29.9 per cent; k = 1.2 md: d »  = 0.40iim ). The field of v iew  is 
about ISfUn.
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Plate 3 Middle Chalk from Norfolk (991-6: 472.3m: a and k 
not available: = 0.62nm). The field of view is about I5nm.
Plate 4 Lower Chalk from Surrey (233-15V1: 254.7m: a =  16.5 
per cent: k not available: d w =  O.OSfim). This surface is com ­
posed almost entirely of clay minerals : calcite crystals are 
rare. The field of view  is about 70(un.
excellent r e v i e w  o f  t h e  p e t r o l o g y  o f  t h e  f o r m a t i o n  h a s  
been given b y  H a n c o c k  ( 1 9 7 5 ) .
The m a x i m u m  t h i c k n e s s  o f  t h e  f o r m a t i o n  in B r i ta in  
is about 5 0 0 m .  It is  c a p a b l e  o f  d iv i s io n  in to  a  s e r i e s  
of stages a n d  z o n e s  o n  f o s s i l  e v i d e n c e ,  b u t  a  s i m p l e r  
three-fold d iv i s io n  e x i s t s ,  l a r g e ly  o n  t h e  b a s i s  o f  
lithology, in to  L o w e r ,  M i d d l e  a n d  U p p e r  C h a lk .  T h e s e  
divisions will b e  u s e d  in t h i s  p a p e r .  T h e  C h a lk  o f  
northern E n g la n d  d i f f e r s  f r o m  t h a t  o f  t h e  s o u t h ,  b e in g  
extensively c e m e n t e d  a n d  r e c r y s t a l l i s e d .  F o r  t h e  
British land a r e a  it is  c o m m o n  t o  s p e a k  o f  a n o r t h e r n  
and a s o u t h e r n  ' p r o v i n c e ' ;  t h e  d iv i s io n  b e t w e e n  t h e  
two is b e l ie v ed  t o  o c c u r  in N o r fo lk ,  b u t  f o r  t h e  p u r ­
pose of th is  p a p e r  s a m p l e s  f r o m  N o r fo lk  h a v e  b e e n  
assigned to  t h e  s o u t h e r n  p r o v i n c e .
Pore-size d i s t r i b u t i o n  ( P S D )  d e t e r m i n a t i o n s ,  s u p ­
ported w h e r e  p o s s i b l e  b y  p o r o s i t y  a n d  p e r m e a b i l i t y  
measurements,  h a v e  b e e n  m a d e  o n  5 2  s a m p l e s  f r o m  
28 localities r a n g i n g  f r o m  D o r s e t  t o  Y o r k s h i r e .  In 
this c o n te x t  ' l o c a l i t y '  m e a n s  a  s u r f a c e  e x p o s u r e ,  
quarry or b o r e h o le .  T h e  s a m p l e s  w e r e  s e l e c t e d  t o  b e  
representative b o t h  g e o g r a p h i c a l l y  a n d  s t r a t i g r a p h -  
icaily; n o rm a l ly  o n e  s a m p l e  w a s  t a k e n  f r o m  e a c h  
locality, b u t  in t h e  c a s e  o f  b o r e h o l e s  a  s u c c e s s i o n  of  
samples w a s  t a k e n  f r o m  d i f f e r e n t  d e p t h s .  N o  s a m p l e s  
'Nere tak en  f r o m  m o r e  t h a n  5 0 0 m  b e l o w  g r o u n d  
surface.
Experimental m e t h o d s  
To m e a su re  t h e  p o r e  s i z e s ,  t h e  m e r c u r y  in je c t i o n  
technique ( R i t t e r  a n d  D r a k e ,  1 9 4 5 )  w a s  e m p l o y e d ,  
tr^ mg an A m i n c o  m o t o r  d r i v e n  15  OOOIb/in^ P o r o s i -  
meter (P la te  5 ) .  In t h i s  m a c h i n e  a s m a l l  s a m p l e  
usually le s s  t h a n  2 g )  c o n t a i n e d  in a  p e n e t r o m e t e r  
9lass t u b e  w i t h  a g r a d u a t e d  c a p i l l a r y  s t e m )  is 
placed in a filling d e v i c e  ( t h e  l a r g e  g l a s s  v e s s e l  t o  
left of t h e  m a c h i n e ) .  T h e  fill ing d e v i c e  a n d  p e n e -  
^cmeter a re  e v a c u a t e d  a n d  t h e  p e n e t r o m e t e r  is  filled 
I cnercury. T h e  p r e s s u r e  in t h e  filling d e v i c e  is  
tcreased in s t e p s  u p  t o  a t m o s p h e r i c  p r e s s u r e  a n d  t h e  
ciount of m e r c u r y  l e a v i n g  t h e  p e n e t r o m e t e r  s t e m
a n d  i n v a d i n g  t h e  s a m p l e  is  o b s e r v e d  v i s u a l ly .  T h e  
p e n e t r o m e t e r  is  t h e n  t r a n s f e r r e d  t o  a  p r e s s u r e  v e s s e l  
w h e r e  m o r e  m e r c u r y  is  f o r c e d  f r o m  t h e  s t e m  i n t o  t h e  
s a m p l e  b y  p r e s s u r i s e d  a lc o h o l .  A  p r o b e  a u t o m a t i c a l l y  
f o l l o w s  t h e  m e r c u r y - a l c o h o l  i n t e r f a c e  a n d  p e r m i t s  
m e a s u r e m e n t  o f  t h e  m e r c u r y  i n v a s i o n  a t  e a c h  p r e s ­
s u r e  s t e p .
T h e  p r e s s u r e  r e q u i r e d  t o  f o r c e  a  l iq u id  i n to  a 
s p h e r i c a l  c a v i t y  o f  d i a m e t e r  d t  i s :—
p =  — 4(7 c o s  d
W r i t i n g  p  =  p g h  
e q u a t i o n  ( 1 )  b e c o m e s
( 1 )
( 2 )
t  An explanation of sym bols is given a t the end of the paper. 
Plate 5 Aminco 15 000 lb /irf mercury injection porosimeter.
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h =  — 4(7 COS 0
d  g
( 3 ) ((X)
LI U  i i  i . _ J  L
p o r e  d i a m e t e r  ( jrm)
10 10 0 1
I I I  I I I I I I LU I I I  J - i  U
F o r  w a t e r  a t  1 0 ” C ( a  t y p i c a l  UK g r o u n d w a t e r  t e m p -  f  
e r a t u r e )  a =  0 . 0 7 4  N / m  a n d  0 f o r  m o s t  m a t e r i a l s  is |  
e f fe c t iv e ly  z e r o  s o  t h a t  “
h- =  —3 . 0  X 1 0  ®
( 4 )
w i t h  h .  a n d  d  m e a s u r e d  in m e t r e s .
( T h e  n e g a t i v e  s i g n  i m p l i e s  t h a t  w a t e r  is  d r a w n  i n to  
t h e  c a v i t y  a n d  t h a t  a  s u c t i o n  o r  t e n s i o n  is  n e e d e d  t o  
r e m o v e  it. T h i s  is  t h e  p o r e - w a t e r  t e n s i o n  r e f e r r e d  t o  
b y  so i l  s c i e n t i s t s ) .
F o r  m e r c u r y  a g a i n s t  a  v a c u u m  a t  2 0 ° C ,  a  v a l u e  f o r  
(7 o f  0 . 4 8 0  N / m  m a y  b e  t a k e n  a s  a n  a v e r a g e  o f  p u b ­
l i s h e d  v a l u e s :  0 l ie s  b e t w e e n  1 3 0  d e g r e e s  a n d  1 4 0  
d e g r e e s .  A s s u m i n g  a — 0 . 4 8 0  N / m  a n d  0 =  1 3 0  
d e g r e e s  t h e n
h- =  9 .2  X 1 0  ® m  h e a d  o f  m e r c u r y
E
I i
I 5 so
n
T V
w ater lu c tio tt  (m h e a d  o( w ate r)
o r
h .  =  1 .2 4  X 1 0 ^  m  h e a d  o f  w a t e r
( 5 )
( 6 )
M e r c u r y  is  a  n o n - w e t t i n g  f lu id  a n d  d i s p l a c e s  t h e  
w e t t i n g  fluid  ( r e s i d u a l  a i r  a n d  m e r c u r y  v a p o u r )  f r o m  
a s a m p l e  in t h e  s a m e  w a y  t h a t  a i r  d i s p l a c e s  w a t e r  
d u r i n g  d r a i n a g e .  T h u s  t h e  m e r c u r y  i n v a s i o n  c u r v e s  
c a n  b e  c o n v e r t e d  t o  e q u i v a l e n t  w a t e r  d r a i n a g e  c u r v e s .
It w il l  b e  s e e n  f r o m  a c o m p a r i s o n  o f  e q u a t i o n s  1(4) 
a n d  ( 6 )  t h a t  t h e  p r e s s u r e  r e q u i r e d  t o  f o r c e  m ercukjy  
in to  a  p o r e  o f  g i v e n  d i a m e t e r  h a s  a  m a g n i t u d e  w h i c h  
is a p p r o x i m a t e l y  f o u r  t i m e s  t h a t  o f  t h e  p o r e - w a t e r  
t e n s i o n  e x e r t e d  b y  t h a t  p o r e ,  d e p e n d i n g  u p o n  t h e  
p r e c i s e  v a l u e s  o f  n a n d  0 w h i c h  a r e  a s s u m e d .
T h e  a b o v e  d i s c u s s i o n  im p l ic i t ly  a s s u m e s  t h a t  t h e  
c a v i t i e s  a r e  s p h e r i c a l ,  w h i l e  t h e  e l e c t r o n  p h o t o m i c r o ­
g r a p h s  ( P l a t e s  1 - 4 )  c l e a r l y  s h o w  t h a t  n a t u r a l  C h a lk  
p o r e s  d e p a r t  f r o m  t h i s  i d e a l  s h a p e .  T h e  w o r k  o f  
B r o w n  ( 1 9 5 1 )  a n d  P u r c e l l  ( 1 9 5 1 )  s u g g e s t e d  t h a t  
t h e  e f f e c t  o f  t h i s  d e p a r t u r e  w o u l d  b e  t o  a l t e r  t h e  
e f f e c t i v e  v a l u e s  o f  a a n d  6 f o r  m e r c u r y  a n d  t h u s  t h e  
r a t io  h . / h " .  If a n o t h e r  m e t h o d  o f  m e a s u r i n g  p o r e  
s i z e s  is  a v a i l a b l e ,  t h e  r a t i o  h - / h -  c a n  b e  d e t e r m i n e d  
e m p i r i c a l ly .  In t h i s  s t u d y ,  t h e  v e r y  s m a l l  p o r e  s i z e  
c o m m o n  in C h a lk  e f f e c t iv e ly  p r e c l u d e d  t h e  u s e  o f  6 n  
a l t e r n a t i v e  m e t h o d ,  a n d  e q u a t i o n  ( 5 )  h a s  b e e n  u s e d  , 
t o  c a l c u l a t e  t h e  p o r e  s i z e s .  O n  t h i s  b a s i s  t h e  porosl|{-/ 
m e t e r  m e a s u r e s  v o l u m e s  o f  p o r e s  w i t h  d i a m e t e r s '  
b e t w e e n  100 a n d  0.012/i.m, a l t h o u g h  in p r a c t i c e  i t  i s  
l ike ly  t o  b e  t h e  p o r e - n e c k  d i a m e t e r s  w h i c h  a r e  t h e  
c o n t r o l l i n g  i n f l u e n c e  o n  b o t h  m e r c u r y  i n v a s i o n  a n d  
w a t e r  d r a i n a g e .
E f fe c t iv e  ( i n t e r c o n n e c t e d )  p o r o s i t y  w a s  m e a s u r e d *  
u s i n g  a l iq u id  s a t u r a t i o n  m e t h o d  ( A P I ,  1 9 6 0 )  in w h i c h ;  
t h e  s a m p l e  w a s  o v e n  d r i e d  a t  6 0 ° C, e v a c u a t e d  a n d  
s a t u r a t e d  w i t h  d e - i o n i s e d  w a t e r .  P o r o s i t y  w a s  d e t e r ­
m in e d  b y  c o m p a r i s o n  o f  t h e  d r y ,  s a t u r a t e d  a n d  s u b ­
m e r g e d  w e i g h t s .
I n t e r g r a n u l a r  p e r m e a b i l i t y  w a s  m e a s u r e d  u s i n g  a 
g a s  p e r m e a m e t e r  ( A P I ,  1 9 5 6 )  w i t h  a i r  o r  n i t r o g e n  a s  
t h e  t e s t  f lu id .  T h e  m e a s u r e d  p e r m e a b i l i t y  w a s  t h e n  
c o r r e c t e d  f o r  t h e  e f f e c t s  o f  g a s  s l i p p a g e  t o  a n  e q u i v a ­
l e n t  l iq u id  v a lu e .  T h i s  i n t r i n s i c  p e r m e a b i l i t y  ( e x p r e s ­
s e d  in m i l l i d a r c y s )  c a n  b e  c o n v e r t e d  t o  a h y d r a u l i c
Fig 1 Envelopes of available bore —  size distribution curves 
for the Lower and twiddle Chalk of England (Lower Chalk —  
8 determinations from 4 localities; Middle Chalk —  16 deter­
minations from 11 localities).
c o n d u c t i v i t y  ( e x p r e s s e d  in, s a y ,  m e t r e s / d a y )  b y  
a s s u m i n g  a t y p i c a l  g r o u n d w a t e r  d e n s i t y  a n d  v i s c o s i t y .
T h e  n o r m a l  p r o c e d u r e  w a s  t o  m e a s u r e  t h e  p o r o s i t y  
a n d  p e r m e a b i l i t y  o f  a 2 5 m m  d i a m e t e r  c o r e  w h i c h  w a s  
t h e n  b r o k e n  u p  t o  p r o v i d e  a c h ip  f o r  P S D  m e a s u r e ­
m e n t .  In s o m e  c a s e s  o n l y  s a m p l e  c h i p s  w e r e  a v a i l a b l e  
a n d  in t h e s e  c a s e s  p o r o s i t y  w a s  u s u a l l y  m e a s u r e d  
b u t  p e r m e a b i l i t y  c o u l d  n o t  b e  d e t e r m i n e d .
D i s c u s s i o n  o f  r e s u l t s
F o r  e a c h  s a m p l e  a g r a p h  w a s  c o n s t r u c t e d  o f  t o t a l  
p o r e  v o l u m e  i n v a d e d  a g a i n s t  a p p l i e d  m e r c u r y  p r e s ­
s u r e .  A p p l i c a t i o n  o f  e q u a t i o n  ( 5 )  p e r m i t s  t h i s  g r a p h  
t o  b e  i n t e r p r e t e d  a s  a  g r a p h  o f  p o r e  v o l u m e  a g a i n s t  
p o r e  s i z e ,  ie a  P S D  c u r v e .  F o r  e a s e  o f  p r e s e n t a t i o n  
t h e  c u r v e s  h a v e  b e e n  g e n e r a l i s e d  i n t o  e n v e l o p e s ,  e a c h  
c o n t a i n i n g  all t h e  c u r v e s  c o r r e s p o n d i n g  t o  a m a j o r  
s t r a t i g r a p h i c a l  o r  g e o g r a p h i c a l  d i v i s io n .  Fig  1 s h o w s  
t h e  e n v e l o p e s  f o r  t h e  L o w e r  a n d  M i d d l e  C h a lk  a n d  
Fig  2  t h o s e  f o r  t h e  U p p e r  C h a lk  s e p a r a t e d  i n t o  n o r t h ­
e r n  a n d  s o u t h e r n  p r o v i n c e s .  ( T h e  l a r g e r  n u m b e r  o f  
s a m p l e s  f r o m  t h e  U p p e r  C h a lk  r e f l e c t s  i t s  g r e a t e r  
t h i c k n e s s  a n d  a r e a l  e x t e n t ) .
P e r h a p s  t h e  m o s t  s t r i k in g  f e a t u r e  o f  t h e  e n v e l o p e s  
is  t h e  d e g r e e  o f  u n i f o r m i t y  o f  C h a lk  p o r e  s i z e s  w h i c h  
t h e y  r e v e a l ,  p a r t i c u l a r l y  f o r  t h e  M i d d l e  a n d  U p p e r
Fig 2 Envelopes of available bore —  size distribution curves 
for Upper Chalk from the Northern and Southern ‘Provinces' 
(Northern 'Province' —  7  determinations from 7 localities: 
Southern 'Province' —  2 7  determinations from 6 localities).
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M e d i a n  p o r e  s i z e s  o f  E n g l i s h  C h a lk
Formation 
and area
Fig 4 
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Plot of effective porosity against median pore diameter 
Chalk samples.
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Fig 3 Plot of intergranular permeability 
against porosity for 34 Chalk samples for 
which pore-size measurements are avail­
able (symbols as in Fig 4).
C h a lk .  T h e  U p p e r  C h a lk  f r o m  t h e  n o r t h  h a s  s l i g h t l y  
s m a l l e r  p o r e s  t h a n  t h a t  f r o m  t h e  s o u t h ,  w h i c h  is  t o  
b e  e x p e c t e d  in v i e w  of  i t s  m o r e  e x t e n s i v e  c e m e n t a ­
t io n .  T h e  g r e a t e r  r a n g e  o f  p o r e  s i z e s ,  a n d  t h e  g e n e r a l l y  
s m a l l e r  p o r e s ,  o f  t h e  L o w e r  C h a lk  a r e  p r o b a b l y  d u e  
in p a r t  t o  i t s  m u c h  h i g h e r  m a r l  c o n t e n t  ( P l a t e  4 ) .
F o r  e a s e  o f  c o m p a r i s o n  t h e  m e d i a n  ( d » )  p o r e  
s i z e s  o f  all t h e  m e a s u r e d  s a m p l e s  h a v e  b e e n  s u m ­
m a r i s e d  in t h e  T a b l e ,  w h i c h  e m p h a s i s e s  in q u a n t i t a ­
t iv e  t e r m s  t h e  p o i n t s  o u t l i n e d  a b o v e .
F u r t h e r  i n f o r m a t i o n  is  s u m m a r i s e d  in F ig s  3 ,  4  a n d  
5  ( w h i c h  a r e  i n t e n d e d  p r im a r i ly  f o r  d a t a  p r e s e n t a t i o n  
r a t h e r  t h a n  f o r  t h e  d e r i v a t i o n  o f  r e l a t i o n s h i p s ) .  Fig 3  
s h o w s  t h e  e x p e c t e d ,  t h o u g h  n o t  i n e v i t a b l e ,  p o s i t i v e  
c o r r e l a t i o n  b e t w e e n  i n t e r g r a n u l a r  p e r m e a b i l i t y  a n d  
p o r o s i t y .  T h e  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  p o r o s i t y  
a n d  m e d i a n  p o r e  d i a m e t e r  d i s p l a y e d  in Fig 4  s h o w s  
t h a t  h i g h e r  p o r o s i t y  is  a r e s u l t ,  a t  l e a s t  in p a r t ,  o f  
l a r g e r  p o r e s  a n d  n o t  s i m p l y  g r e a t e r  n u m b e r s  o f  t h e m .
T h e  c o r r e l a t i o n  b e t w e e n  p e r m e a b i l i t y  a n d  m e d i a n  
p o r e  d i a m e t e r  ( F ig  5 )  i s  p e r h a p s  p o o r e r  t h a n  m i g h t  b e
Chalk
Upper Chalk 
(Southern province)
Upper Chalk 
(Northern province)
Middle Chalk 
(Southern province)
Middle Chalk 
(Northern province)
Lower Chalk
e x p e c t e d ;  in p a r t  t h i s  m a y  b e  d u e  to  t h e  i n f lu e n c e  o f  
o c c a s i o n a l  l a r g e r  p o r e s .  T h e  l o w  i n t e r g r a n u l a r  p e r m ­
e a b i l i t i e s  a n d  g e n e r a l l y  h ig h  p o r o s i t i e s  a r e  in a g r e e ­
m e n t  w i t h  s i m i l a r  m e a s u r e m e n t s  r e p o r t e d  e l s e w h e r e  
( E d m u n d s  a n d  o t h e r s ,  1 9 7 3 ;  Bird ,  1 9 7 6 ) .
T h e  v a r i a t i o n  in r e p o r t e d  m e a s u r e m e n t s  o f  a a n d  6 
f o r  m e r c u r y ,  a n d  t h e  l a c k  o f  p e r f e c t  s p h e r i c i t y  o f  
C h a lk  p o r e s ,  m u s t  i m p l y  s o m e  m a r g i n  o f  e r r o r  in t h e  
q u o t e d  p o r e  s i z e s .  In t h i s  c o n t e x t  i t  i s  w o r t h  m e n t i o n ­
in g  t h a t ,  w h e r e  p o r o s i t y  w a s  d e t e r m i n e d  f r o m  t h e  
a c t u a l  c h ip  u s e d  s u b s e q u e n t l y  f o r  t h e  P S D  m e a s u r e ­
m e n t s ,  t h e  d i f f e r e n c e  b e t w e e n  p o r e  v o l u m e s  m e a s u r e d  
b y  t h e  t w o  m e t h o d s  w a s  l e s s  t h a n  o n e  p e r  c e n t .
-101 5
median pore diameter Orm)
OJ 0 4  05 06 07
median pore diameter (pm)
Fig 5 Plot of intergranular permeability 
against median pore diameter for 34 
Chalk samples (symbols as in Fig 4).
S i g n i f i c a n c e  o f  t h e  m e a s u r e m e n t s
B e c a u s e  o f  i t s  h ig h  i n t e r s t i t i a l  p o r o s i t y  t h e  C ha iK  
c o n t a i n s  l a r g e  v o l u m e s  o f  w a t e r .  E a c h  km ^ o f  s a t u r a ­
t e d  U p p e r  C h a lk  c o n t a i n s  o n  a v e r a g e  s o m e  3 0 0  0 0 0  
t o  4 0 0  0 0 0  M l o f  i n t e r s t i t i a l  w a t e r ,  a n d .  a s s u m i n g  a 
m a x i m u m  s p e c i f i c  y ie ld  o f  2  p e r  c e n t ,  u p  t o  2 0  OOOMI 
o f  w a t e r  in f i s s u r e s .  M o s t  o f  t h e  f i s s u r e  s p a c e  m u s t  b e  
f r e e ly  d r a in i n g ,  b u t  b e c a u s e  t h e  p o r e s  a r e  s o  s m a l l ,  
n e a r l y  all t h e  w a t e r  w h i c h  t h e y  c o n t a i n  is  h e ld  b y  
c a p i l l a r y  a n d  m o l e c u l a r  f o r c e s ,  a n d  v e r y  l i t t le  c a n  
d r a in  o r  m o v e  u n d e r  g r a v i t y .  In t h e  u n s a t u r a t e d  z o n e ,  
e v a p o r a t i o n  a n d  t r a n s p i r a t i o n  a r e  t h e  o n l y  p r o c e s s e s  
w h i c h  c a n  s u b s t a n t i a l l y  d e p l e t e  t h e  w a t e r  c o n t e n t .
T h e  p o t e n t i a l  f o r  d i f f u s io n  t o  t a k e  p l a c e  b e t w e e n
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the p o r e  w a t e r  a n d  a n y  f i s s u r e  w a t e r ,  a n d  t h e  p o s s i b l e  
im p l i c a t io n s ,  h a v e  b e e n  d i s c u s s e d  b y  F o s t e r  ( 1 9 7 5 b ) .  
The b u lk  o f  t h e  p o r e  w a t e r  w i l l  c o n s t i t u t e  a r e la t i v e ly  
im m o b i le  o r  ' s t a t i o n a r y '  p h a s e  w i t h  r e s p e c t  t o  m o b i l e  
g r o u n d w a t e r  in a n y  f i s s u r e s  o r  i n t e r c o n n e c t e d  l a r g e r  
p o re s .  S u c h  a s y s t e m  c a n  b e  e x p e c t e d  t o  b e h a v e  l ike  
a c h r o m a t o g r a m ,  w i t h  d i f f u s io n  o c c u r r i n g  b e t w e e n  
the s t a t i o n a r y  a n d  m o b i l e  p h a s e s .  T h e  in it ia l  e f f e c t  
will b e  t o  d i l u t e  t h e  c o n c e n t r a t i o n  o f  a n y  s o l u t e s ,  
in c lu d in g  p o l l u t a n t s ,  in s o l u t i o n  in t h e  m o b i l e  p h a s e  
and t h e  e n d  e f f e c t  t o  g r e a t l y  r e t a r d  t h e  a v e r a g e  a p p a r ­
en t  d o w n w a r d  m o v e m e n t  o f  t h e  s o l u t e s  w i t h  r e s p e c t  
to t h a t  o f  t h e  w a t e r .
It is  g e n e r a l l y  a c c e p t e d  t h a t  g r a v i t y  d r a i n a g e  
c e a s e s  a t  p o r e - w a t e r  s u c t i o n s  b e t w e e n  1 a n d  5 
m e t r e s  o f  w a t e r :  t h a t  is  t o  s a y ,  p o r e s  w i t h  d i a m e t e r s  
less t h a n  a b o u t  10/xm w il l  n o t  d r a in  u n d e r  g r a v i t y  
and s o  d o  n o t  c o n t r i b u t e  d i r e c t l y  t o  s p e c i f i c  y ie ld .  O n  
this b a s i s  ( F ig s  1 a n d  2 )  n o t  m o r e  t h a n  t h r e e  p e r  c e n t  
of C h a lk  p o r e s  r e p r e s e n t s  p o t e n t i a l l y  u s e f u l  s t o r a g e .  
This is  l e s s  t h a n  o n e  p e r  c e n t  o f  b u lk  v o l u m e  a n d  is  o f  
the s a m e  o r d e r  a s  l a b o r a t o r y  v a l u e s  o f  C h a lk  s p e c i f i c  
yield m e a s u r e d  b y  c e n t r i f u g i n g  ( B i rd ,  1 9 7 6 ) .  T h e  
e x te n t  t o  w h i c h  p o r e  d r a i n a g e  o c c u r s  u n d e r  f ield  
c o n d i t i o n s  w il l  d e p e n d  o n  t h e  r e l a t i o n s h i p  b e t w e e n  
the l a r g e r  a n d  s m a l l e r  p o r e s  a n d  b e t w e e n  t h e  l a r g e r  
p o re s  a n d  t h e  f i s s u r e s ,  b u t  it  i s  w o r t h  n o t i n g  t h a t  
in te rs t i t ia l  s p e c i f i c  y ie ld  is m o r e  l ik e ly  t o  b e  e v e n l y  
d i s t r i b u t e d  t h r o u g h o u t  t h e  a q u i f e r  ( a n d  t h e r e f o r e  
av a i lab le  a t  all g r o u n d w a t e r  s t a g e s )  t h a n  f i s s u r e  
s t o r a g e  w h i c h  Is f r e q u e n t l y  c o n c e n t r a t e d  a t  p a r t i c u l a r  
levels ( F o s t e r ,  1 9 7 5 a ) .
An i m p o r t a n t  q u e s t i o n  t o  a g r i c u l t u r i s t s  i s  h o w  
m u ch  o f  t h e  p o r e  w a t e r  is  p o t e n t i a l l y  a v a i l a b l e  t o  
p lan ts ,  w h i c h  c a n  d r a w  w a t e r  a g a i n s t  s u c t i o n s  o f  u p  
to 15 a t m o s p h e r e s  o r  a b o u t  1 5 0 m  ( M a r s h a l l ,  1 9 5 9 ) ,  
c o r r e s p o n d i n g  t o  a  p o r e  d i a m e t e r  o f  0 .2 / im .  T h e  
p lan t  a v a i l a b l e  m o i s t u r e  c a p a c i t y ,  ie t h e  p o r e s  in t h e  
r an g e  0  2  t o  10/i.m, i n c l u d e s  o v e r  8 0  p e r  c e n t  o f  t h e  
p o re s  o f  t h e  t e s t e d  U p p e r  a n d  M i d d l e  C h a lk  s a m p l e s  
but  l e s s  t h a n  five p e r  c e n t  o f  t h o s e  o f  s o m e  L o w e r  
Chalk  ( F i g s  1 a n d  2 ) .
F ina lly ,  t h e  r e s u l t s  e m p h a s i s e  t h e  u n i f o r m  n a t u r e  
of t h e  C h a lk  a s  a  f o r m a t i o n .  E v e n  a l l o w i n g  r e la t i v e ly  
small  n u m b e r  o f  s a m p l e s  s t u d i e d ,  it  is  r e m a r k a b l e  
tha t  b e t w e e n  D o r s e t  a n d  Y o r k s h i r e  t h e  m e d i a n  p o r e  
size o f  t h e  U p p e r  C h a l k  s h o u l d  v a r y  o n l y  b y  a f a c t o r  
of l e s s  t h a n  f o u r  ( F i g  2 )  —  f u r t h e r  e v i d e n c e ,  if it 
w e re  n e e d e d ,  o f  t h e  u n u s u a l  n a t u r e  o f  t h i s  f o r m a t i o n .
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shori-tcrm  econom ic difficulties it could  lead lo long-term  prob lem s o f  w ater quality  
d e terio ra tion .
W R irrEN  D iscu ssio n
M r. S. S . D. Foster (Institu te  o f G eological Sciences) w rote th a t in his in tro d u c tio n  the 
a u th o r  had acknow ledged that the paper did not consider in dep th  hydrogeological factors. 
W hilst con g ratu la tin g  him  on the readily  im plcm entable  and  practical n a tu re  o f his check 
list for po llu tion  p ro tection , he h im self did not believe that the subject o f m ain ienance o f 
g ro u n d w ater quality  cou ld  be effectively discussed w ithou t detailed co nsidera tion  o f such 
factors. It was only th rough  ap p rec ia tion  o f the hydrogeo logy  that the im plications for 
w ater quality  m anagem ent o f the im p o rtan t dilTercnces betw een surface w ater and  
g ro u n d w ater system s w ould  them selves be fully apprec ia ted .
D r. W ilkinson (p .3 7 ) had  a lready  dealt w ith certain  hydrogeological considera tions. 
He h im self w ould like to  add  two fu rth er topics to the d iscussion— the rôle o f  the u n sa tu ­
ra ted  zone and  the p rob lem  o f  g ro u n d w ater sam pling.
In the case o f  alm ost all aqu ifers except karstic  lim estones, it was unquestionab le  that 
the u n sa tu ra ted  zone played a m ajo r rôle in intercepting , d ilu ting , o r delaying the p en e tra ­
tion  o f  po llu tion  o rig ina ting  at the land surface. A t the sam e tim e, it was po ten tially  
capab le  o f  sto ring-up  w ater quality  p roblem s for the fu ture. Yet com paratively  little was 
know n ab o u t the various physical, chem ical, and  b iological processes involved*. It was 
likely that very high co n cen tra tions o f  certain  w ater p o llu tan ts  occurred  in m any p arts o f 
the u n sa lu ra ted  zone o f the im portan t British aqu ife rs— nitra te  was a p a rticu la r case in 
p o in t.• •  Yet in no  area  had  there been a detailed  survey o f  the d is tribu tion  o f p o llu tan ts 
in the unsa tu ra ted  zone n o r did we know  if they were, in fact, m oving dow n to the  w.iter- 
tablc. Investigation was expensive, involving o f  necessity a large am o u n t o f  drilling , but 
it was hoped that the curren t IG S and  W R C  research program m es, re la ting  prim arily  to  
g ro u n d w ater n itra tes, w ould answ er som e o f the m ost pressing questions.
It was im portan t to  realize that, as a  result o f  such factors as frequent gross h e te ro ­
geneity in perm eability  d istribu tion  in aqu ifers (especially fissure-flow fo rm atio n s) and  
their variable  hydraulic  b o u n d ary  conditions, pum ped sam ples o f  g ro u n d w a ter frequen tly  
had  com plex origins.* Studies to  detect and  evaluate  po llu tion  incidents needed a m ore 
con tro lled  basis fo r sam pling. D epth  sam ples w ould be preferab le  in m any  cases and  
purpose-drilled  investigation boreholes w ould  often be requ ired . Use o f tem p era tu re  
and  conductiv ity  logging techniques and  borehole  (low m easurem ents* cou ld  e lucidate 
the levels o f  g ro undw ater flow and  the origins o f  the boreho le  co lum n, thus p roviding a 
ra tional basis fo r depth  sam pling.
It w as w orth  no ting  th a t in the field o f  g ro u n d w ater qua lity  studies, a detailed  u n d e r­
stan d in g  o f  the hydraulics o f  the g ro u n d w ater system  was an  essential p rerequisite  to  any  
chem ical w ork. This was qu ite  distinct from  the situation  in studies o f  river p o llu tio n .
A u t h o r ’s R e ply  t o  D tsc u ss io N
M r. R. .1. S la te r, in reply to  the discussion, w rote concern ing  M r. .leifery's c o n trib u tio n , 
that he und ersto o d  th a t very few (possibly fo u r o r  five) sets o f  byelaws, m ade u n der 
Section 18 o f  the W ater Act 1 9 4 5 , rem ained in existence and  that these could  not be 
extended when they ceased to have elTcct at the end o f  the ten-year period  com m encing
•F o s te r , S . S. D . In press. M inistry o f  A griculture, F isheries and F ood , Bulletin  3 : .  paper 3 . “ T he  
vu ln erab ility  o f  British groundw ater resources to  p o llu tion  by agricultural leach ates '.
• •F o s te r , S . S. D .. and C rease. R. I. 1974. Jo u rn . / .H ' . f . .  vo l. ; 8 . p. 178. " N itra te  p o llu tion  o f  C halk  
grou n dw ater in Fast Y ork sh ire— a h yd rogeo log ica l appraisal" .
JT ate. T . K .. R obertson . A . S .. and G ray. D . A . 1 9 7 0 . Q uart. Journ . F'ig. G col.. vo l. p. 195 . “ The 
h yd rogeo log ica l in vestigation  o f  fissure-flow  by b oreh ole  logg in g  tech niques" .
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THE CHALK GROUNDWATER TRITIUM ANOMALY -  A POSSIBLE EX­
PLANATION
S.S.D. FO ST E R
Hydrogeological Departm ent,  Inst i tu te  o f  Geological Sciences, L ondon  (Great Britain) 
(R eceived A ugust 30 , 1 9 7 4 ; a ccep ted  S ep tem b er 3, 1 9 7 4 )
A B STR A C T
F o ste r, S .S .D ., 1975 . T he C halk g ro u n d w a te r tr itiu m  an o m aly  a possib le  ex p la n a tio n .
J , H y d ro l., 25 : 1 5 9 - 1 6 5 .
A tte n tio n  is d raw n  to  a m echan ism  w hich cou ld  p ro fo u n d ly  co m p lica te  th e  in te rp re ta ­
tio n  o f  tr itiu m  d e te rm in a tio n s  in investigations o f  th e  ra te  o f  g ro u n d w a te r m o v em en t in 
th e  B ritish C halk  and  o th e r  p h y sically -com parab le  fo rm atio n s. I t co u ld  ex p la in  th e  a n o m ­
a lously  low  levels o f  th e rm o n u c lea r tr itiu m  c u rre n tly  observed  in th e  sa tu ra te d  zone  o f  
th e  C halk aq u ifer, w ith  im p o rta n t im p lica tio n s fo r p o llu tio n  c o n tro l.
B A C K G R O U N D
The low level o f thermonuclear tritium in groundwater from the saturated 
zone o f the Chalk aquifer throughout much of its intake area has been recog­
nised as a major anomaly in British hydrogeology in recent years. The tritium 
profile of pore-water from the unsaturated zone  at a Berkshire site in October 
1968 led Smith et al. (1970) to suggest that about 85% of the total flow of 
vadose groundwater was by intergranular seepage at a mean rate of less than 
0.9 m/year, contradicting the widely-held concept that fissure-flow domi­
nated downward movement. A similar profile was determined in September 
1970 for a site in Dorset (Smith, 1973).
This work had serious implications for resources management and pollu­
tion protection in this important aquifer, from which about 15% of all nation­
al water-supplies are derived. In the case of nitrate pollution resulting from 
arable farming for example, a critical question was the potentially high ni­
trate concentration of vadose pore-waters, by implication, in slow transit 
through a thick unsaturated zone to the water-table (Foster and Crease, 1974).
The unquestionable advantages o f tritium (HTO) as a tracer in studies o f  
groundwater movement (e.g. Libby, 1961; Smith, 1973) give considerable 
strength to the interpretation, but there are significant hydraulic objections. 
While the physical properties of Chalk are not such as to preclude significant 
intergranular seepage in the unsaturated zone, in the absence of a major fis­
sure-flow component, it is difficult to see why surface run-off does not develop
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particularly after prolonged or high-intensity rainfall.
The purpose of the present note is to draw attention to a possible process 
which could explain the"present low levels of HTO in the saturated zone  and 
at the same time would be compatible with relativeiy-rapid flow down joints 
and fissures in the unsaturated zone.
H Y D R A U L IC  C H A R A C T E R IS T IC S O F  CH A LK
The physical characteristics of the Chalk are such as to make it a most un­
usual porous medium. The rock matrix has very low permeability (1 0 '^ —lO""* 
m/d) but moderate to high porosity (0.15—0.40), very high specific retention 
(specific yield less than 0.01), exceedingly small pore diameters (mostly less 
than 1 pm)  and an exceptional specific interstitial surface area (Edmunds et 
al., 1973; Foster and Crease, 1974). It is generally a very-pure fine-grained 
carbonate (Hancock and Kennedy, 1967) but at some horizons there are sig­
nificant proportions of clay minerals and at others occasional thin marl bands.
The jointing o f the rock-mass varies with depositional province, stratigraphi­
cal zone, tectonic and morphological setting, but the Chalk is normally tra­
versed by frequent high-angle joints and numerous horizontal discontinuities 
associated with bedding and secondary structures (F ig .l), the latter group 
l>eing most commonly associated with major permeability development in 
the saturated zone. In the unsaturated zone the opening on some joints may 
be relatively large (>  5 mm), particularly where the rock-mass is in overall 
tension as on escarpments and where they have been enlarged by solution, 
but more typically is small or even microscopic. Nevertheless it is likely that 
in situ every metre of Chalk is traversed by at least one high-angle joint with 
an effective opening of 0.1 mm. Such a system alone would impart an overall 
permeability to the rock-mass 50—500 times greater than the intergranular 
value. It is thus evident that the Chalk aquifer possesses two distinct physical 
components each with highly-contrasting permeability and porosity; one of 
these components, the intergranular pore-space, will be almost always fully 
saturated, even in the unsaturated zone, except perhaps very close to the land 
surface.
E V A L U A T IO N  O F  HTO D IF F U S IO N  PR O C ESS
Self-diffusion of HTO in Chalk pore-water was considered by Smith et al. 
(1970) as one process which would “necessarily lower and broaden” the main 
peak of the tritium profile (in a vertical sense), causing significant changes in 
concentration over distances of perhaps 0.3—0.5 m after periods of numbers 
of years. Implicit are the assumptions that the profile was not varying lateral­
ly on any scale, that the input was areally uniform and that no lateral diffu­
sion was occurring, despite the probability of the Chalk being traversed by 
frequent high-angle joints.
It seems more probable that the input to the unsaturated zone (after infil-
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F ig .l.  E xam ples o f  jo in tin g  in a C halk  rock -m ass; (ab o v e) T u ro n ia n  o f  L inco lnsh ire , 
" n o r th e rn  p ro v in ce "  and  (b e lo w ) T u ro n ian  o f  B uck ingham sh ire , " s o u th e rn  p ro v in ce ” . 
(P h o to s  by  C .J. W ood.)
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trail on through the very thin soil cover) will be localised on joints. In the late 
1950’s when the first groundwater containing thermonuclear tritium entered 
the system, there would have been large HTO concentration gradients be­
tween the joint-water and the existing pore-water. In response to these gradi­
ents some diffusion of HTO into the pore-water would have occurred. Diffu­
sion in the water-phase of a non-homogeneous porous medium is a complex 
subject; some idea of the resultant reduction in HTO levels of water passing 
through joints can be gained from application of the theoretical equations of 
non-steady state diffusion to simplified situations. The coefficient o f self-dif­
fusion (D) for HTO in water at 10®C is 1.6 • 10"’ m" /sec (Wang et al., 1953) 
but in water-saturated porous media will be lower and depend on the porosity 
(0) and saturation o f the media and the tortuosity of the pore-space. In the 
case of saturated Chalk it is unlikely to be less than 10"'° m  ^/sec (Smith et 
al., 1970).
One appropriate solution of Pick’s diffusion laws would appear to be that 
for diffusion from an infinitesimally thin layer for which boundary condition  
the following applies (Crank, 1956; Golubev and Garibyants, 1971):
{Cxi Cjco) b
  '■--------- ex p (—jc^/4D0
(^6o ^xo) y/tGDt
where Cxi is the concentration at a distance x from the joint after time (, C^o 
and Cxo initial concentrations in the joint-water and pore-water respec­
tively and 2b the joint opening; the decreasing HTO concentration with time 
in the joint-water itself (C^/) being given by {Cbt—Cxo)fiCho~Cxo)="b/\/nDt  
The theoretical picture of diffusion from a joint of small opening, 0.2 mm 
for example, can thus be estimated (Fig.2); empirical corrections to allow for 
the effect of the matrix porosity (0 taken as 0.30) have been attempted by 
balancing the distributions so that they always hold the same amount o f HTO 
as the initial input. It can be seen that, while the theoretical increases in HTO 
concentration in the matrix pore-water are very localised, the process appears 
capable o f producing major reductions in the HTO level of the water in this 
size o f joint by about 10,000 sec (3 h). The case of more open joints (26 =
1.0 mm for example) has been evaluated (Fig.2), using a solution for diffusion 
from a confined finite region (Crank, 1956):
(Qcf Qxo) 1 
(Q»o Qto ) 2
( b - x )  (b+x)
e r f  + erf
(2\/D T ) {2x/DT)
Even here the rate of reduction in the HTO level of the joint-water is still sig­
nificant but overall the effect becomes less rapid with increasing joint-opening 
and also with reduction in porosity and with decreasing saturation.
Such a process would continue to occur with each successive incident o f  
infiltration as long as a favourable concentration gradient existed; between in­
filtration incidents and particularly during extended periods of soil moisture
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deficit, the HTO concentrations throughout the pore-water itself would tend 
to equilibrate. As the concentration in the unsaturated zone pore-waters 
built-up, HTO would tend to pass downwards to the water-table more readily. 
A consequence o f the high porosity and specific retention o f the Chalk, to­
gether with its frequently thick unsaturated zone, is that the volume of pore- 
water available to take part in a diffusion process will in general be a number 
of times greater than the total infiltration to date containing thermonuclear 
tritium.
It is important to establish how much time is available for diffusion to oc­
cur during downward groundwater movement in high-angle joints under field 
conditions. The main response to infiltration (as identified by rising water- 
table in observation boreholes) traverses the unsaturated zone of the Chalk 
at average rates of 2—10 m/day (Headworth, 1972; Foster and Crease, 1974). 
This response is most likely to be directly due to a fissure-flow infiltration 
front but it could alternatively be transmitted via a discontinuous air phase 
with slower actual rates of flow. Maximum diffusion o f HTO into the Chalk 
pore-water would occur at any level where the passage of the infiltration 
front was retarded by tighter jointing and lower vertical permeability, such as 
immediately above marl bands, and the HTO profile might be expected to 
vary widely between neighbouring sites with an overall tendency for the high-
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est concentrations to occur at shallow depth. An exception would be where 
highly-preferred routes of flow have developed, for example in the occasional 
major solution feature.
C O N C LU D IN G  R EM A R K S
In summary, the diffusion process appears to have considerable capacity for 
reducing HTO concentrations in Chalk groundwater recharge. The same pro­
cess would continue to occur below the water-table with further reduction in 
the HTO levels of the fissure-water, which represents only 1—5% of the total 
volume in saturated zone storage. The role of diffusion thus needs to be fur­
ther investigated before tritium determinations can be interpreted with con­
fidence in studies of groundwater movement in the Chalk and any similar 
formation with two contrasting hydraulic components and thick unsaturated 
zones. In particular, the interpretations placed upon previous tritium “age” 
determinations in relation to the possible delay between the times of infiltra­
tions and sampling, can be called in question. Carefully-controlled and ap­
propriately-scaled laboratory experiments would be required together with 
field investigations involving a network of boreholes at any one site and a 
sequence of boreholes in time at the same site.
'Hie diffusion process would also occur with any ions in solution, though 
the appropriate values of D are likely to be lower. In most cases the ion con­
cerned would have been present in the infiltration for much longer periods 
and equilibrium conditions would be approached. Where concentrations of a 
given ion have increased or new pollutants are present, the process would in­
fluence their rate of penetration from the land surface.
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TIM 110 Hydraulic behaviour of the Chalk
Aquifer in the Yorkshire Wolds
s. s. D. FOSTER, b s c .  m jc e ,  m iw e *  
R. I. CREASE, BSc(Tech), MICE, FIWE, AMBIMt
In troduc tion
T h e  g ro u n d w a te r hydrau lics o f  the  C h a lk  A q u ife r in the  Y o rk sh ire  W olds 
have been investigated  in detail th ro u g h  a m ajo r h y d rogeo log ica l p u m p in g  
test an d  assoc ia ted  techniques in the  E tto n  area^ an d  by the  analysis o f  g ro u n d ­
w ater level a n d  river flow d a ta  fro m  the  W est Beck catch m en t.^  T he  a im  o f  
th is P ap e r is to  d raw  a tte n tio n  to  the  m ore im p o rta n t resu lts  o f  these investiga­
tions an d  their im p lica tions fo r the eng ineering  o f C h a lk  g ro u n d w a te r re ­
sources. *
2. Since the w ork  o f  Ineson^*^ there  have been few p u b lica tio n s o n  the  
h y d rau lic  b eh av io u r o f  the C halk  in its s a tu ra te d  zone. N a tio n a lly  th is 
a q u ife r  acco u n ts  fo r ab o u t 15%  o f all w ater su pp lies a n d  in C h a lk  ca teh m en ts  
in te res t now  focuses o n  the p o ten tia l fo r a u g m e n ta tio n  o f  low  river flows by 
p u m p in g  from  g ro u n d w a te r s to rage. T h e  design o f  such  river re g u la tio n  
schem es is necessitating  a de ta iled  know ledge  o f  the  n a tu re  o f  C h a lk  p e rm ea ­
b ility  an d  s to ra g e ; such in fo rm a tio n  is a lso  re levan t in the  p red ic tio n  o f  the  
m ovem en t o f  p o llu ta n ts  an d  in  the e stim a tio n  o f  d cw atc rin g  req u irem en ts  fo r 
ex cavations.
3. T h e  M id d le /U p p e r C h alk , w hich fo rm s the  Y o rk sh ire  W olds, is a  h igh ly  
u n ifo rm  an d  exceedingly fine-grained lim estone  sequence, b ro k e n  o ccasio n ally  
by th in  p rim ary  m arls an d  m ore frequen tly  by seco n d ary  flint b an d s  a n d  sty lo - 
lites w ith  assoc ia ted  m arl seam s. L ab o ra to ry  tests o n  co re  sam ples show  very 
low  in te rg ran u la r  perm eab ility  (less th an  1 0 "^ m /d ay ) an d  thus, desp ite  m o d e r­
a te  p o ro sity  (0-14-0-20), the  fo rm atio n  m ust co n stitu te  an  essen tia lly  fissure 
flow aq u ife r, perm eab ility  in the sa tu ra ted  zone  being a fu n c tio n  o f  the  c o n ­
figu ration  o f  physical d isco n tin u itie s in th e  ro ck  m ass. In  E ast Y o rk sh ire  
q u a rry  ex posures there  is usua lly  a h igh density  o f  inclined  jo in ts  o f  m u lti­
d irec tio n a l aspect to g e th e r w ith  freq u en t h o rizo n ta l d isco n tin u itie s , b u t the  
p ersistence o f  b o th  in d e p th  is ra th e r  un certa in . H y d rau lic  he te ro g en e ity  w as 
a p a r ticu la r  q u estio n , because  local hearsay  evidence suggested  th a t g ro u n d ­
w ater flow m ight be largely  restric ted  w ith in  a few ra n d o m  fissures.
W ritten  discussion closes 15 M ay, 1975, fo r publication  in Proceedings, P a rt 2.
• H ydrogeological D epartm en t, Institu te  o f  G eological Sciences.
t  Form erly  East Y orksh ire  (W olds A rea) W ater B oard, now  E astern  D ivision , Y orkshire 
W ater A uthority .
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S c i k c f  l i t o m c t r c t
froafi^ trtur
— Otttcrop of b t i t  of Ot>Tk
— L lm U o f B e u l ^ t r O a j c o »
— • Limit of cooüftc^ (re.Mk««
Fig. 1. East Yorkshire
Etton pumping te s t  Investigations
4 .  T h e  p u m p i n g  t e s t  i s  a  p o w e r f u l  h y d r o ^ e o l o s i c x l  l o d  z c w l  c a n  p r o v i d e  
e v i d e n c e  o n  t h e  h y d r a u l i c  p a r a m e t e r s  o f  a n  a t j n i f e r .  i s s  c s M U R m e m e n î  a n d  
b o u n d a r y  c o n d i t i o n s .  H o w e v e r ,  f u l l  a n d  r d i a b £ e  m t e r p i r e c a t ë c m  m c q u E i n c s  
d e t a i l e d  k n o w l e d g e  o f  l o c a l  g e o l o g i c a l  o o n d i t i o e s .  a d e q u a c e  d a t a  c o n t r o l  
t h r o u g h  t h e  d r i l l i n g  o f  o b s e r v a t i o n  b o r e h o l e s  a n d  s t ^ * p o ( r % m g  d a t a  f r o c n  o t h e r  
i n d e p e n d e n t  l i n e s  o f  i n v e s t i g a t i o n .
5 .  T h e  E t t o n  a r e a  ( F i g .  1 )  i s  f a i r l y  t y p i c a l  o f  o u t c r o p  C h a l k  d i p  s E o p e s .  
w h i c h  f o r m  t h e  m a j o r  i n t a k e  a r e a s  o f  t h e  a q u i f e r .  I t  a p p e a r s  t o  h a v e  a n  
u n c o m p l i c a t e d  g e o l o g i c a l  s t r u c t u r e  a n d  a  s t r a i g h t f m r w a n i  h y d r o g e o B o g n c a l  
r e g i m e  w i t h  a  s i m p l e  w a t e r - t a b l e ,  t h e  p u m p i n g  b o r e h o l e s  b e i n g  l o c a t e d  i n  a  
m i n o r  s h a l l o w  d r y  v a l l e y .  W i t h i n  4  k m  r a d h i s ,  1 5  b o r e h o l e s  w e r e  a v a i i R a b U e  
f o r  w a t e r - l e v e l  o b s e r v a t i o n  a n d  a  f u r t h e r  t h r e e  w e r e  p u a n p o s c - d i r i i l l k d  a t  s h o r t  
d i s t a n c e s  f r o m  t h e  p r o d u c t i o n  b o r e h o l e s  a n d  t o  a n u l a r  d e p t h s .  T h e  c o n t r o l  
o v e r  e x p e r i m e n t a l  c o n d i t i o n s  d u r i n g  t e s t  p u m p i n g  w a s  t h t r s .  i n  m a n y  r e s p e c t s ,  
e x c e p t i o n a l .
6.  I n  a u t u m n  1 9 7 0  a t  l o w  w a t c r - l a b k  ( s i t e  r e s t  w a t e r  B e v e l  o f  4^  B B  m  O D \  
t h e  n o n - e q u i l i b r i u m  d r a w d o w n s  a n d  r e c o v e r i e s  i n  t h e  o b s m a a f i o n  b o r d l n o t e s .  
a s s o c i a t e d  w i t h  s t e a d y  p u m p i n g  a t  r a t e s  u p  t o  S O l f f s  i n  t h e  t e s t  b o e e h o t e .
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show ed a basic consistency  in fo rm , a fte r c o rrec tio n  fo r v a rio u s in te rfering  
fac to rs  (e.g. Fig. 2). N o  m ajo r la te ra l h y d rau lic  b o u n d a rie s  a p p ea red  to  be 
presen t in the cone o f p u m p in g  depression  an d  the  general s im ila rity  in the 
m ag n itu d e  an d  ra te  o f  d raw d o w n  in b o reho les E4 a n d  E5, a lm o st eq u id is tan t 
from  the test bo reh o le  in p e rp en d icu la r d irec tions , suggests a high degree o f 
iso tro p y  in h y drau lic  p ro p erties , a lth o u g h  the  d ifference in the  early  tim e 
responses (F ig . 2) is n o t fully u n d e rs to o d . In terfe ren ce  effects in the  m ore 
d is tan t o b se rv a tio n  boreho les, resu lting  from  the  v a rio u s regim es o f  test 
pu m p in g , confirm ed  the co n sid erab le  overall rad ia l u n ifo rm ity  o f  the aq u ifer.
7. T he  re la tio n sh ip  betw een p u m p in g  ra te  an d  o b se rv a tio n  b o reh o le  d ra w ­
do w n  in all the  in n er o b se rv a tio n  bo reh o les  (th e  n earest o f  w hich w as 1 2 0  m 
fro m  the  p u m ping  b o reho le) w as s tric tly  linear, sign ify ing  a  lam in a r flow 
regim e^— an  im p o rta n t p o in t as it con firm ed  the  c h a ra c te r  o f  the  a q u ife r’s 
seco n d ary  p o ro sity  to  be such  th a t co n v en tio n a l g ro u n d w a te r hy d rau lics  can  
be ap p lied .
8 . T h e  early  tim e, n o n -stead y  s ta te  d raw d o w n  d a ta  fo r all the  in n er o b se r­
v a tio n  bo reh o les (Fig. 2) show  to  a degree those  ch arac te ris tics  o ften  a ttr ib u te d  
to  in s tan ta n eo u s  re lief from  pressu re  s to rag e  fo llow ed  by de layed  yield  o f  
grav ity  drainage.*-® A p p lica tio n  o f  s ta n d a rd  m eth o d s  o f  analysis o n  th e  late  
tim e d a ta  give co n sisten t transm issiv ity  T  values o f  a ro u n d  1000 m ^/day. T he  
analysis fo r s to rage  coefficient S  is ra th e r  m o re  sub jective, b u t a va lue  o f  the
Tim# Jier pumplnj itirttd f : mim.
1000 10 000too
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Fig. 2. Selected observation borehole data from the autum n 1970 pumping test at 
Etton
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o rd e r  o f  0 005 ap p ea rs  to  be in d ica ted  an d  p ro b a b ly  rep resen ts the  specific 
yield Sy o f  the E tto n  C halk  a t low  w ater-tab le . H ow ever, it is possib le  th a t a 
lo n g er delayed  c o n tr ib u tio n  to  specific yield, fro m  m icro jo in ts  o r  po res, m ight 
o ccur.
9. S u b sequen t test p u m p in g  in sp rin g  1971 w ith  a h igher, a lth o u g h  n o t 
m ax im u m , w a ter-tab le  (site rest w a ter level o f  -f 18 m  O D ) a lso  gave resu lts 
c ap ab le  o f  con sis ten t in te rp re ta tio n ^  w ith  T  values o f  a b o u t 2200 m ^/day, the  
s a tu ra tio n  o f  the  basa l 7 m  o f the  zone  o f  seasonal f lu c tu a tio n  m o re  th an  
d o u b lin g  the  transm issiv ity .
1 0 . G eophysical in v estiga tions o f  b o reh o le  flow '' sh o w ed  th e  en try  o f  
g ro u n d w a te r in to  the  E tto n  p u m p in g  b o reh o les  to  be a t a n u m b er  o f  re stric ted  
levels.^ T h e  o rd e r o f  co n tr ib u tio n  fro m  v a rio u s levels w as estim a ted  by im p e l­
ler flow m eter an d  trace r in je c tio n -d e te c tio n  tech n iques. In  a u tu m n  1970 
the  b u lk  o f  the  w a ter p u m p ed  from  b o reh o le  E2 w as derived  fro m  a zone 7 m 
th ick , the  base o f  w hich w as loca ted  a t a b o u t -  22 m O D . In  Ju ly  1970 w ith  a 
site rest w a te r  level o f  4-14 m O D , the  ad jacen t b o reh o le  E l (400 m up  d ip) h ad  
given s im ila r resu lts  b u t w ith  the  base  o f  the  c o rre sp o n d in g  zone o f  m a jo r 
p e rm eab ility  d evelopm en t being  at a b o u t —17 m  O D  an d  m o re  th an  30";, 
o f  the  to ta l p u m p in g  ra te  being  derived n ea r o r  ab ove  the  p u m p in g  w a te r  level. 
T h e  existence o f  m ark ed  ch lo ride  residuals in b o th  b o reh o les  (th e  p ro d u c ts  o f 
p rev ious acid  trea tm en t) suggests m in im al reg ional g ro u n d w a te r m ovem en t 
from  ab o u t - 2 9  m O D  to the  base o f  the  bo reh o les (a t - 4 0  m O D ) an d  p ro b ­
ab ly  below  th is level.
G ro u n d w a te r  level and river f low  analysis
11. In  perm eab le  ca tch m en ts  g ro u n d w a te r level an d  river flow recessions 
a re  useful in d ica to rs  o f  the  gross h y d rau lic  c h arac te ris tics  o f  an  aq u ife r, 
p a rticu la rly  o f  the  zone o f  seasonal w a ter-tab le  flu c tu a tio n . T h e  W est Beck 
c a tch m en t o f  the  R iv er H ull is n o r th  o f  the  E tto n  a rea  (F ig . 1) a n d  its g aug ing  
s tru c tu re  a t W an sfo rd  B ridge is so  s itu a ted  th a t 8 5 -9 5 %  o f  th e  en tire  flow 
rep resen ts d ischarge  fro m  an  a rea  o f  a b o u t 235 k m ’ o f  largely  u n d ev elo p ed  
C halk  A qu ifer. H ow ever, its a n n u a l flow recessions c an n o t be rep resen ted  
by a  single lo g /lin ea r re la tio n sh ip  a lth o u g h  they  can  be sp lit in to  a  n u m b e r  o f  
lo g /lin ea r segm ents recu rrin g  in re la tively  c losely  defined flow ranges th ro u g h ­
o u t the  1962-72 d a ta ,’
12. T h e  g ro u n d w a te r level recession  d a ta  a re  m ore  lim ited , b u t by 1972 six 
c o n tin u o u sly  m o n ito red  o b se rv a tio n  b o reh o les  w ere availab le  in a n d  im m ed i­
a te ly  a d jacen t to  the  W est Beck ca tch m en t. W ith  on ly  m in o r ex cep tions, the  
recession  o f  g ro u n d w a te r levels h ad  a s im ila r fo rm  to th o se  o f  river flow , 
w ith  tw o defin ite  lo g /lin ea r segm ents an d  the  trace  o f  a th ird  to w ard s  the  end  
o f  the  recession ; sim ilar recessions have  been  reco rd ed  in the  E tto n  a rea  an d  
e lsew here  o n  the  d ip  slope o f  the  Y o rk sh ire  W olds.
13. W hen the g ro u n d w a te r level reco rd s fo r each o f  the  o b se rv a tio n  b o re ­
ho les in the  W est Beck c a tch m en t w ere co rre la te d  w ith  the  co rre sp o n d in g  
river flow d a ta , th e  re la tio n sh ip s w ere n o t l in e a r— as w ou ld  be expected  if  the  
aq u ife r w ere behav ing  as a  h o m o g en eo u s lin ea r s to rag e  re serv o ir.’ It w as 
a p p a re n t th a t each o f  the  co rre la tio n  lines co u ld  be sp lit, a t ab o u t the sam e 
value o f  riv er flow, in to  tw o lin ea r sec tions c o rre sp o n d in g  to  linear aq u ife r
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sto rag e  e lem ents, w ith the suggestion  o f  a th ird  w here sufficient d a ta  w ere 
av a ilab le  fo r the co n sid e ra tio n  o f  ex trem e d ro u g h t co n d itio n s.
14. E ach  sto rag e  c lem en t in the  zone o f  seasonal w a ter-tab le  flu ctu atio n  
m ust have a d istinc t co m b in a tio n  o f  T an d  Sy va lues; those  fo r Sy c o rre sp o n d  
solely to  the  p a r ticu la r  e lem ent u n d erg o in g  d ra in ag e . T h e  an alysis can  be 
ex tended  to  co m p u te  ca tch m en t average values o f  Sy fo r each  s to rag e  c lem en t; 
resu lts  o f  0 0 1 0 -0  015, 0  0 1 5 -0  020 an d  0 005 0 010 w ere o b ta in e d  fo r the  
th ree  e lem ents, the  last value Ix in g  th a t a p p ro p ria te  fo r ex trem e d ro u g h t.’ 
r*urtherm orc, if the  existence o f a  single lin ea r e lem ent o f  a q u ife r  s to rag e  
betw een ex trem e d ro u g h t g ro u n d w a te r level an d  h y d ro log ical base  level (th e  
level o f  zero  d ischarge) is assu m ed , it is possib le  to  estim a te  its av erag e  Sy. 
A value  o f  a b o u t 0 002 is o b ta in e d — significantly  less th an  th a t  o f  all the  
overly ing  e lem ents.
N ature  of Chalk perm eability  and s to rag e
15. It is co n clu d ed  th a t th e  C h a lk  A q u ifer o f  the  Y o rk sh ire  W olds fo rm s 
a layered , high transm issiv ity , low  specific yield, lam in ar fissure flow , u n c o n ­
fined system . In d e p th  th e  m ain  p e rm eab ility  d evelopm en t is localized  in tw o  
layers o f  lim ited  th ickness an d  n o t d is tr ib u ted  evenly th ro u g h o u t th e  th ick n ess 
o f  the  fo rm a tio n . T h e  u p p e r o f  these tw o layers c o n stitu tes  the  low er p a r t  o f  
the  zone o f  seaso n al w a ter-tab le  f lu c tu a tio n ; the  o th e r  is lo ca ted  sign ifican tly  
below  h y d ro log ical base  level. It is tem p tin g  to  a ttr ib u te  the  fo rm er to  so lu ­
tio n  d u rin g  lo n g -te rm  c ircu la tio n  o f  fresh  g ro u n d w a te r to  the  ex is ting  b ase  
level; the  T  values w o u ld  th en  be expected  to  increase  do w n  d ip  to w a rd s  
the  m ajo r sp rin g  heads. T h e  la tte r  co u ld  well be d u e  to  a  s im ila r  p ro cess 
o p e ra tin g  to  a  m u ch  low er base  level, p e rh ap s  in  P le istocene tim e, a lth o u g h  it 
is possib le  th a t in th is  case th ere  m ay  be an  e lem en t o f  s tra tig rap h ie  co n tro l.^
16. In  o rd e r  to  ex ten d  th is in te rp re ta tio n  it is re levan t to  c o n s id e r  th e  
hy d rau lics  o f  idealized  fissure system s. T h e  th eo ry  develops* fro m  classical 
N a v ie r-S to k e s  an d  H e le -S h aw  lam in a r  flow, pa ra lle l p la te , h y d rau lic s  fro m  
w hence the  d isch arg e  Q over a w id th  i r ,  o f  a n  idea lized  fissure o f  o p e n in g  b 
p e rp en d icu la r  to  the  d irec tio n  o f  flow x  is given by
<2 = n f  ...................(u
w here  v is th e  k in em atic  v iscosity  o f  the  flu id  a n d  / ,  is th e  c o m p o n e n t o f  h y d ra u ­
lic g rad ien t in  the  p lan e  o f  the  op en in g . F o r  a  p a ra lle l se ries o f  su c h  idea lized  
fissures, the  eq u iv a len t tran sm iss iv ity  F ,  is n r , 'd a y ,  ta k in g  r  a s  1*3 x
1 0 "® m ’ /s fo r g ro u n d w a te r a t 1 0  C , g  a s  9-S m - s  a n d  ex p ress in g  b  in  m m ." 
T h e  im p o rtan ce  assum ed  by re la tively  m in o r  ch an g es in  b„ d u e  to  so lu tio n  fo r  
exam ple , sh o u ld  be n o te d ; ju s t  o n e  fissure o f  5 m m  effective o p e n in g  in  th e  
p lan e  o f  the  h y d rau lic  g rad ien t will c o n tr ib u te  o v e r 6000 m® d ay  to  th e  T v a lu e  
a n d  in tro d u c e  m ajo r h e te ro g en e ity  o r  a n iso tro p y  to  m o st aq u ife rs . In  th is  
c o n tex t the  rad ia lly  iso tro p ic  resp o n se  o f  th e  E tto n  C h a lk  a n d  its  h ig h  v'alue o f  
r  p ro b a b ly  in d ica te  th a t the  so lu tio n  pem teab ilitv  d ev elo p m en t is c o n ce n tra ted  
a lo n g  h o rizo n ta l d isco n tin u itie s , a lth o u g h  th is  e x p la n a tio n  is n o t  u n iq u e . 
Im p lic it in the  d evelopm en t o f  e q u a tio n  ( I )  is th e  a ssu m p tio n  o f  la m in a r  flow , 
w hich  is likely to  prevail in idealized  fissures o f  u p  to  5 m m  o p e n in g  u n d e r  th e  
h y d rau lic  g rad ien ts  a sso c ia ted  w ith  m o st h o r izo n ta l flow ptvxessesL* T h e
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idealized  fissure will be d e p a rted  from  in p ractice  b o th  in respect o f p lan a rity  
an d  wall ro u g h n ess, p ro d u c in g  to r tu o s ity  o f  flow p a th  an d  affecting  the  c ritical 
R ey n o ld s’ n u m b er. H ow ever, the  d e p a rtu re s  m ay  n o t be so m ark ed  fo r b ed ­
d ing  p lane  d isco n tin u itie s  in C h a lk  as in som e o th e r fo rm atio n s.
17. I f  w ith in  a lim ited  th ickness a rock  m ass can  be co n sid ered  to  have a 
single paralle l series o f  fissures o f  u n ifo rm  se p a ra tio n  I//1, then  the  equ iv a len t 
p e rm eab ility  o f  the  system  is 54 h^n m /d ay , i.e. 0  063 b^n c m /s . ' T h e  th e o r­
e tical sto rag e  S , o f  such  a system  is sim ply  bn. It can  th u s  be show n th a t the  
c o m b in a tio n  o f  h y d rau lic  p ro p e rtie s  seen in the  low er p a r t  o f  the  zone o f 
seasonal fluctu a tio n  a t E tto n  (A’jf=  150-200 m /d ay  a n d  5 ,  =  0  0 0 5 -0  010) 
cou ld  be g enera ted  by a single set o f  fissures o f  h igh  d en sity  (a b o u t 1 0 /m ) w ith  
effective open ings o f  0*5-1 0  m m . H ow ever, it is m o re  p ro b a b le  th a t a  m uch  
sm alle r n u m b er o f  h o rizo n ta l m as te r co n d u its  (p e rh ap s  fo u r  o r  five) o f  g rea te r 
o p en in g  (say 2  m m ) c o n tr ib u te  the  bu lk  o f  th e  p e rm eab ility  d ev elo p m en t, 
a lth o u g h  these  co u ld  n o t c o n tr ib u te  all o f  the  s to rag e . M o st o f  the  in te r- 
g ra n u la r  pores have d iam ete rs o f  less th an  1 /xm an d  a re  un like ly  to  d ra in  u n d e r 
su c tio n s o f  less th an  3 a tm . C en trifuge  specific yield tests o n  co re  sam ples 
suggest th a t p o re  w a ter d ra in ag e  u n d e r g rav ity  is o f  m in o r significance, the  
greatest p a r t o f  the  sa tu ra ted  p o ro sity  (0 14-0*20) co n stitu tin g  physically  inert 
sto rag e . It m ust be suspec ted , th ere fo re , th a t ad d itio n a l g rav ity  s to ra g e  is 
p e rh ap s  p resen t in a h igh density  system  o f inclined m icro jo in ts.
18. It is n o t the  in ten tio n  to  suggest th a t the  Y o rk sh ire  W olds a re  neces­
sarily  typical o f  the  unconfined  C h a lk  A q u ife r in all the  extensive tra c ts  o f  
w old  a n d  do w n  w hich fo rm  its o u tc ro p . N everthe less th ere  will be n u m ero u s  
fea tu res in co m m o n  an d  riv er flow  a n d  g ro u n d w a te r level recession  d a ta  
co m p arab le  to  those  o f  the  W est B eck ca tch m en t have been re p o rte d  fro m  the  
E ast A nglian  an d  H am p sh ire  Chalk.®-'®
implications for w ater  resources engineering and m anagem ent
19. I t  is c learly  in ad eq u a te  to  assum e a u n ifo rm  d is tr ib u tio n  o f  pe rm eab ility  
a n d  sto rag e  w ith  d ep th  in  a  c a rb o n a te  aq u ife r su ch  as th e  C h a lk ; in p a r ticu la r , 
the  s to rag e  a t d ep th  co u ld  be re la tively  lim ited . A lay ered  h y d rau lic  s tru c tu re  
is likely to  be p resen t an d  it m ust be expected  th a t b o re h o le  y ields, b o reh o le  
y ic ld -d raw d o w n  ch arac te ris tics  and  the  sp read  o f  p u m p in g  in te rference  effects 
will show  m ark ed  v a ria tio n s  w ith  g ro u n d w a te r level. C o n sid e rab le  c a u tio n  is 
th u s req u ired  in in te rp re ta tio n  o f  p re lim in ary  inv estig a tio n  a n d  e x tra p o la tio n  
fro m  p ilo t o p e ra tio n  fo r river a u g m e n ta tio n  schem es w h ich— u ltim ate ly  a t  
fu ll-scale— will involve the  m an ip u la tio n  o f  aq u ife r s to rag e  lo ca ted  well below  
d ro u g h t g ro u n d w a te r levels. P ro b lem s in d ig ita l m odelling  o f  reg iona l w a te r  
resources schem es co u ld  arise. T h e  m ag n itu d e  a n d  p ro p a g a tio n  o f  in te rfe r­
ence effects from  rem o te  p u m p in g  cen tres to  d is tan t sp rin g  h ead s a n d  su rface  
w a te r featu res will be especially  sensitive to  p o ten tia l v a ria tio n  in o p e ra tin g  
Sy. A ssum ing  a b strac tio n  fro m  g ro u n d w a te r s to rag e  a lo n e , c o n sid e r fo r  
exam ple  the  differences in d raw d o w n  resu ltin g  a fte r 1 0 0  d a y s’ p u m p in g  a t 
20 M l/d ay  w hen 7  an d  Sy a rc  800 m ’/d ay  a n d  0*002 respectively  as o p p o sed  to  
1400 m ’/d ay  an d  0*012 (F ig . 3).
20. T h e  large seasonal v a ria tio n  in 7 has o th e r  im p lica tio n s : n a tu ra l a q u ife r  
th ro u g h flo w  will vary in m uch g rea te r p ro p o rtio n  th a n  the  asso c ia ted  h y d rau lic  
g rad ien t an d  there  will be p ro fo u n d  seasonal differences in the  y ie ld -d raw d o w n
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ch arac lc ris lics  o f  pum p in g  boreho les. A t E tto n  the yield fo r 5 m d raw d o w n  
in b o reh o le  E l varied  betw een 56 1/s in N o v em b er 1970 and  98 I/s in M arch  
1971 (F ig . 4). A t low  w ater-tab le  the  c h arac te ris tics  a re  a lso  stro n g ly  in flu ­
enced by the level o f  the low er zone o f  m a jo r p e rm eab ility  deve lo p m en t, the 
bo reho les tend ing  to ap p ro ac h  a lim iting  yield at d raw d o w n s o f  a b o u t 20-25  m. 
T h e  level o f th a t zone is th u s fa r m ore  im p o rta n t th an  overall sa tu ra ted  aq u ife r 
th ickness because it m ore  d irec tly  a  fleets the  heads th a t can  be utilized  in 
g ro u n d w a te r a b s trac tio n .
21. A high transm issiv ity , low  specific yield, w a ter-tab le  aq u ife r will have 
a m ore  rap id  h y drau lic  response  th an  m ost unconfined  system s. A ctual 
g ro u n d w a te r flow ra tes  will a lso  be relatively  fast— a lth o u g h  less so  th an  fo r 
k a rst system s— an d  even u n d e r n a tu ra l h y drau lic  g rad ien ts  they  co u ld  exceed 
2(X) m /d a y : a significant fac to r in the  sp read  o f  p o llu tio n  sh o u ld  p o llu ta n ts  
reach  the  w a ter-tab le .
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R ap id  G r o u n d w a t e r  Flow in Fissures in t h e  Cha lk :  
a n  E x a m p l e  f r o m  S ou th  H a m p s h i r e  
T. C. A t k i n s o n  a n d  D. I. S m i t h
1 read the work on the Chalk groundwater of the Horndean-Havant area with interest. I entirely 
a |rc c  u ith  the authors’ claim that their tracer investigations provide unequivocal evidence of the existence of 
highly-localised, very rapid, probably turbulent, conduit flow of Chalk groundwater, at least at that location.
Part o f their discussion and conclusions however, namely the suggestion that similar near-karstic features 
arc generally responsible for the widespread existence of zones of high transmissivity, is distorted and likely 
to lead to the results being quoted out-of-context by non-groundwater specialists. Com parable conditions 
are only likely to be found at occasional locations mainly along the margin of the Tertiary outcrop where 
Chalk solution has been accelerated by concentrated run-off or recharge of low pH ; certain examples are 
known from the London Basin (W ater Resources Board 1972). Subaerial weathering on the Tertiary erosion 
surface will also have contributed to the development of secondary permeability. Indeed, is it not possible 
that the main conduits of the flow system described in the paper arc developed along the Cretaceous-Tertiary 
unconformity?
Now high fissure transmissivity is one thing but near-karstic conduits (in which transmissivity is a 
meaningless concept and for which the basic laws of porous media hydraulics do not even approximately 
apply) are another. It is fair to say that high fissure transmissivities (over 500 m-/d and often over 1000 m '/d) 
are developed over wide areas of the Chalk outcrop intake area. It is such areas that are of greatest volumetric 
Importance and most topical interest in the field of water resources development and for which in situ 
horizontal permeabilities o f the order of 80 m/d (a figure quoted totally out-of-context in the paper) are 
frequently present over limited depth intervals below the water-table. It is likely that most of the trans­
missivity development is due to solution during the long-term circulation of fresh groundwater to existing 
and pre-existing base levels (Foster 1974). However the solution features are of a much smaller scale than 
those o f the Bcdhampton system and there is a growing body of evidence to suggest that quite limited 
enlargement o f the openings on near-horizontal features such as bedding planes and stratiform  secondary 
discontinuities is commonly responsible for the permeability development. Only limited enlargement is 
required to explain the obscr\cd transmissivity values (Foster & Milton 1974). Moreover an aquifier of 
this structure would be entirely consistent with the generally observed areal uniformity of groundwater 
level contours and pumping test responses in dip slope areas(e.g. Foster & Milton 1974). Actual ground- 
w/aicr flow velocities under natural hydraulic gradients would still be high; probably in the range 40-400 m/d.
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M y prim ary aim  in contributing is to ask the Authors 
o f Paper 9  to w hat extent they think they are justified  
in at best grossly oversim plifying, and at worst 
practically ignoring, variation in aquifer propxerties 
with depth .
16. M ost o f  the m odels currently in existence in 
U K  are designed to guide im portant regional ground­
water developm ents involving abstraction o f  large 
volum es o f  w ater from aquifers during drought,
Table E i .  Perm eability and storage components o f  chalk
Porosity 
SjKrcific yield
Permeability
Intcrgranular
pores
15-40%
0-1%
(rarely >1% )
< 10“* m/day 
(insignificant)
Jo in ts  and  
fissures
0-2%
0-200 m/day 
(though over 
1000 m/day is 
possible)
* Maximum values developed only if significant solution 
has occurred.
thereby artificially depressing water tables substan­
tially low er than ever before.
17. T h e Authors have gone to som e length (§§ 37, 
40 and 64) to stress that T  and 6" ‘m ay change sig­
n ificantly’ w ith groundw ater level, that a m odel is 
only as good as the quality  o f the input data, etc. 
But they know as w ell as I do, that in practice w hat 
often tends to occur is that one or two fairly rough  
pum ping tests -  w hose tim ing m ay be dictated more 
by contractual considerations and staff availability  
than by hydrological conditions -  are undertaken and  
the values obtained are assum ed to be the result o f  
uniform distribution o f  perm eability and storage 
throughout the entire geological thickness o f  the 
form ation concerned. M odels based on this assum p­
tion w ill invariably show  vast volum es o f  groundw ater 
storage, at least on paper, and this ‘paper w ater’ then  
enters the hands o f  the resource planner, w ho m ay take 
little interest in anything as m undane as the physical 
nature o f  the potential resource concerned.
18. T o  illustrate m y p>oint I w ould like to discuss 
the groundw ater storage o f  the U K ’s most im portant 
aquifer, the chalk. I was incidentally  alarm ed by the 
confusion betw een groundw ater levels and ground­
w ater storage in Paper 3 and the im plication  in its 
title that groundw ater storage was som ething that can  
be m easured in the sam e w ay as stream  flow, for 
exam ple.
19. T here is not tim e to go  into the m ethods 
em ployed in such work, but w ell-designed, carefully  
controlled and cautiously interpreted pum ping tests, 
supplem ented by borehole flow logging^* and labora­
tory tests on core samples^*, are the essentials, 
coupled w ith sound understanding o f  local geological 
and hydrological conditions.
20. From  laboratory work in the case o f  intergranu- 
lar properties and near first principles in  that o f  
fissure properties, som e values can be put on the two  
physical com ponents o f  the chalk aquifer (T ab le  E i) .  
D espite high porosity the p>ores are so sm all that the  
intergranular perm eability is insignificant in terms o f  
flow to wells and the gravity drainage o f  pores is also  
relatively m inor. T h e hydraulic properties o f  the 
aquifer are thus largely dependent on the fissure 
com ponent; very high piermeabilities accom panied  
by sp>ecific y ields o f  perhaps up to 2%  can be developed  
but only where som e solution a long jo in ts has 
occurred^*.
21. It is o f  interest now  to consider the yield- 
draw dow n behaviour o f  a chalk borehole at w hat I 
believe to be a reasonably representative unconfined  
s ite ^ , on the low er part o f  the aquifer’s dip slope 
(Fig. E i ). .A striking difference betw een the behaviour 
at high and low  w ater table is observed. T h e  under­
lying reasons were revealed by geophysical logging for 
borehole inflow  levels and volum es. M ost o f  the in­
flow levels and perm eability developm ent are con­
centrated in tw o lim ited and relatively shallow  depth  
intervals, the upper corresponding to the low er part 
o f the zone o f  seasonal w ater-table fluctuation. T here  
is no m easurable flow at depth. Such inform ation  
permits an estim ation o f  the yield-draw dow n be­
haviour o f  the borehole i f  it were operating as part
128
SE SSIO N  E  D ISC U SSIO N
Pumpinj rate: l/a 
2S SO 75 ICO
CV.
Il I
‘ii
♦  10 -
1-10
- 3 0 -
- 40-"
(Data for /  «  2 day)
Tranjmiajivlty T: m */day
20001000 
 I__
= - II i i  L
«o 8 ^  
■o -  t
E E
i l  
« < 
k  K
II
Ftg. E l .  Y ieldI drawdown characteristics o f  a chalk bore­
hole in unconfined aquifer and related hydrogeological 
data
o f a major drought storage developm ent schem e w ith  
a regional draw dow n o f  say lo  m . T h e  lim iting yield  
would be reduced by perhaps 50% .
22. Should  anyone need convincing that the chalk  
at depth can be im perm eable, I w ould refer them  to 
a long-standing account o f  the driving o f additional 
headings in M iddle C halk at C ottingham , East 
Yorkshire, in an attem pt to increase groundw ater  
production^*. It is said that it was possible to remain  
quite dry in a new  low er adit despite the fact that 
som e 32 m l/day  could be pum ped from the original 
adit 15 m above.
23. R eturning to the previous site (Fig. E i ) ,  T  
and Sy values are availab le from pum ping tests at 
two w ater-table levels. U sing  these values and various 
supplem entary data®’ * it is possible tentatively to 
predict the likely pattern o f  7 * and Sy variation with  
falling groundw ater level (F ig. E 2). I m ake no apology  
for the speculative nature o f  such a procedure -  this 
is part o f  w hat a groundw ater hydrologist is paid for. 
M y claim  is that this picture, and variations o f  it for 
other sites and other areas, arc likely to be nearer the 
truth than the distribution com m only assumed, 
particularly by groundw ater m odellers, on the basis o f  
a pum ping test at an average rest water level.
24. Such reductions in 7 * and Sy w ith  depression  
of the w ater table m ust im ply a substantial fail in  
gross borehole y ield  and/or in net gain o f the resource 
system (as a result o f  increased interception and  
recirculation)
25. I do not wish to suggest that there is no storage 
available for developm ent at drought in aquifers; 
sim ply that there m ay be significantly less than m ight 
at first sight appear, particularly in the case o f the
1500 _1_ 2500 __ I
SpeciHc yield Sy+ 30-1
Zone of natural 
► water-table 
fluctuation
+  10-
/
5 - 10- Dlitributionj that might be 
atsumed on basis of a single 
pumping test only at a typical rest 
water-level and without 
supporting Investigations
- 2 0 -
- 3 0 -
- 4 0 -
- 5 0 -
F ig. E 2. Probability variation o f  T  and Sy o f  chalk 
aquifer w ith  fa llin g  water-table at same site
chalk. In  terms o f engineering the hydrological 
regim es o f  aquifers, it is helpful to postulate on the 
probable value o f  the ratio betw een the exp loitab le  
(m obile, fresh) groundw ater storage at drought and  
the m ean annual recharge from rainfall. T ak ing  
typical unconfined aquifers, I estim ate a value o f  1 - 3  
for chalk and over 2 0  (and perhaps a lot greater) for 
the higher perm eability faces o f  the Bunter sand­
stone, I w ould w elcom e the A uthors’ com m ent on  
these figures. It should be recognized that it w ill on ly  
be econom ic in practice to abstract a proportion o f  
this storage-
2 6 . Finally, I w ould m ake the plea that T  and S  
values and boundary conditions used in groundw ater  
m odels for major schem es need careful selection by  
experienced hydrogeologists w ho arc capable o f  assess­
ing all the relevant factors and w ho are given  the tim e 
and the m oney to m ount prelim inary field investiga­
tions. A ny tendency to substitute, rather than to 
supplem ent, the field hydrogcologist w ith the ground­
w ater m odeller or active field investigation w ith office 
com putation in the long run m ay well prove retro­
gressive.
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E A S T  Y O R K S H I R E — A H Y D R O G E O L O G I C A L  A P P R A I S A L *
By S. S. D.  F o s t e r ,  b s c ,  c e n g ,  m ic e  {M em ber)**
R.  I. C r e a s e ,  e s c  {Tech), c e n g ,  m ic e ,  am b im  {Fellow)***
S Y N O P S I S
D uring  1970-72 there  have been m ark ed  increases o f  n itra te  level in C halk  g ro u n d w aters  
from  w idely-d istribu ted  loca tions in E ast Y orksh ire . T h e  m ost likely cause ap p ea rs  to  
be som e change  in ag ricu ltu ra l p rac tice ; ind ica ting  an  u rgen t need fo r co llab o ra tiv e  
studies by w ater-supply  an d  farm ing interests.*
H ydrogeological investigations show  the s itu a tio n  to  be com plex . T ritium  d e te rm in ­
a tio n s suggest th a t, even below  in take  o r  recharge areas, the  po llu ted  g ro u n d w a ter co u ld  
be m ore  th an  to  years o ld . T he hydrau lics o f  the  im plied slow -transit system  above  the  
w ater-tab le , in w hat had  alw ays assum ed to  be p red o m in an tly  a  fissure-flow fo rm ation , 
are  n o t readily  u n d ersto o d . T he d ilem m a is defined in de ta il.
If such a system  is co n tro llin g  subsu rface  flow, the  steady  increase in ap p lica tio n s o f  
n itro g en o u s fertiliser since 1959 gives rise to  a  m ost pressing qu estio n . H ow  m uch 
n itra te  is co n ta in ed  in the  g ro u n d w ater o f  the  u n sa tu ra ted  zone, a lread y  in tran s it to  the  
w a ter-tab le?  P relim inary  investigations have  revealed levels o f  10-35 m gl N O , N in 
C halk  p o re-w ater from  shallow  dep ths below  fertilised a rab le  land .
B A C K G R O U N D  T O  N I T R A T E  P O L L U T I O N  P R O B L E M  
Introduction
P rio r to  1970, ro u tin e  m o n ito rin g  had  show n C halk  g ro u n d w aters  from  E ast Y o rk sh ire  
(W olds A rea) W ate r B oard  (E Y W B ) sources to  co n ta in  2 5 -4  5 m gl N O ,-N . S ince 1970 
levels rang ing  up to  7-5-11 *5 mgl N O ,-N  have been recorded  fo r  these  w idely -d istribu ted  
supplies. S om ew hat sim ila r rises have been rep o rted  from  co m p arab le  a rea s  in  Sussex 
an d  L incolnshire by G reen  & W alker* a n d  Davey*. w ho  a ttem p ted  to  c o rre la te  the  
po llu tio n  w ith co inciden t changes in local ag ricu ltu ra l p ractice  o r  regional tand-use.
In E ast Y orksh ire  the ap p aren tly  sh a rp  rises in n itra te  level a rc  a la rm in g  b u t the  
m axim um  co n cen tra tio n s experienced a re  n o t yet critical. T h is p ap er, based  o n  the  
synthesis o f  largely pre-existing  d a ta  am plified by lim ited field investigation , defines an d  
discusses the  s ta te  o f  know ledge o f  the  p rob lem , especially  its hydrogeolog ical aspects.
L im itation on N itra te  in W ater Supplies
T he efTect o f  increasing  n itra te  on  the  po tab ility  o f  w a ter co n tin u es to  be a  sub ject o f  
d eb ate  a m o n g  m edical research  w orkers. A health  h a za rd  results from  n itra te  red u ctio n  
on  in g estio n ; the b u ild -up  o f  stab le  n itra te  co m p o u n d s in  the  b lo o d stream  red ucing  its
• T h e au th ors presented  th is top ic in ou tlin e  at the W R.A C on feren ce o n  “ G rou ih h ra ter  P o tlu tfo n ’* 
at the U n iversity  o f  H eading o n  2 ) - 27th S ep tem b er 197 :
• •  S en ior  Scientific  O tficcr, Institu te o f  G e o lo g ic a l S cien ces  (H y d ro g e o lo g ic a l D ep artm en tL
• • *  F orm erly  D ep u ty  E ngineer, East Y ork sh ire (W o ld s  Area» W ater B oard : n o »  D isth b atk > n  
E ngineer, Y ork sh ire W ater A u th ority  (E astern  D iv is io n ).
N o te . D eta ils  o f  num erical references are g iven  o n  p. 194-
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but occasional levels o f  up to 22 6 mgl N O j-N  (100 mgl N O ,) m ight be accep tab le* . 
In the la tte r case closer ob se rv atio n  by the m edical au th o ritie s  o r  special a rran g em en ts  
fo r the supply  o f dr i nking w ater fo r in fan ts w ould  be re q u ire d ."
T he to ta l re laxation  o f  the low er recom m ended  lim it has been called fo r bu t a recent 
study  in N o rth  America** concludes t hat  there is insufficient m edical evidence to  safely 
justify  such action  an d  recent w ork '*  po in ts lo  o th e r  reasons fo r m inim ising  the to ta l 
volum es o f  ingested n itra te . N itra te  po isoning can  a lso  o ccu r in livestock, an d  high 
n itra te  levels in process w aters can  be troub lesom e in certa in  industries.
Role o f C halk Aquifer in Regional W ater Supply
T he East Y orksh ire  C halk  provides the bulk o f  all w ater-supplies in a  reg ion  wi th a  
p o p u la tio n  o f  over 5 0 0 0 0 0 ; the licensed ab strac tio n  o f  all C h a lk  sou rces to ta llin g  in 
excess o f  200 M l/d . In p a rticu la r the E Y WB  have 11 C h a lk  sou rces (F ig . 1). m ainly  
largc-d iam cter boreholes, w ith a com bined  d ro u g h t yield o f  som e 53 M l/d . T he  p ro ­
tection  o f  the C halk  A quifer from  a level o f  p o llu tion  in com patib le  w ith  its w a ter-su p p ly  
func tion  is thus o f  regional significance. M o reover its large u n cx p lo ited  s to rag e  capacity 
in the n o rth e rn  p a rt o f  East Y orksh ire  w ould  a p p ea r  to  have a  role in m eeting  the  fu tu re  
dem an d s o f  the N o rth  H um berside conurbation .*
Som e 80-90  per cen t o f  the  flow o f  the R iver Hull is derived from  C h a lk  springs. 
N itra te  en richm ent cou ld  lead to  fertilization  o f  weeds in the  river itse lf a n d  10 algal 
p rob lem s in the w ater-supply  reservoirs a t the in take  w orks.
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Trends of N O ,-N  in C halk  W ater Supplies
T he long-te rm  tren d s in N O j-N  co n cen tra tio n  fo r selected sources a rc  sh o w n  in  F ig . 2. 
D uring  1962-69 all had  relatively co n stan t n itra te  levels o f  a ro u n d  3-0 to  4-0 m gl N Q s-N . 
In 1970 m o re  variab le  results w ith som e increases were reco rded . A n  a p p a ren tly  sh a rp  
rise follow ed in 1971 an d  1972; the w orst-aflectcd source  reach ing  a  peak  o f  # 1 5  m gl 
N O j-N  in M ay 1972. O th er sources had  co m p arab le , th o u g h  less steep ly  rising  ircss*£s 
(Fig. 2 an d  T able  i). T here  a re  seasonal varia tio n s w ith late  sp rin g  e a r ly  su m m er 
m axim a an d  a u t u mn  m in im a bu t daily  and  weekly sam ples have n o t revealed  a n y  flashy 
fluctuation . E lsew here in the C h a lk , a change from  7 2 to  16 o  m gl N O ,-N  ovtct o n ly  
10 days in a  boreho le  w ater supp ly  has been reported.*
T A B L E  I. S u m m a r y  of Increases in Nitrate Levils in EY'WB S o u r c e s  t m r e m  zlj
Source N o . (F ig . 1.) 1 ,  ! 4  i A 1 7
« ? 
; *  !
0(3)
pre-1970
b ackground
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N O ,-N  i 
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i
 ■" ■ 
2 9 .V2 3 4 3 -  ' 3 4
t
3T4 J-4
1 9 7 :  peak , 6-8 1 9-3 '' f i  '
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* T h ro u g h o u t the rem ainder o f  this paper n itra te  co n cen tra tions  a rc  cxprcsscvt in  aiT.ffi «mes.
only  (m ultip ly  N O ,-N  by 4 -4  fo r N O , units).
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S am pling  frequency (a )  8 weekly to  M arch 1971(b ) 1 or 2 w eekly from  A pril 1971
(lo ca tio n s  of so u rces  given in F ig .l)
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Fig. 2. T ren d s  o f  n i t r a te  c o n c e n tr a t io n  in se le c te d  so u rc e s
T he sources have alw ays had  low levels o f  n itrite  an d  organ ically -bound  n itro g en  
(am m oniacal and  a lbum ino id  N  n o t exceeding 0 04 and  0 05 mgl respectively) an d  no 
increases have accom panied  the  rises in N O j-N . N e ith e r have there  been c lear sim ul­
tan eo u s changes in o th e r inorgan ic  ions such as ch loride, su lp h a te  o r  p o tassium , a lth o u g h  
there  are  only restricted  d a ta  in respect o f  the latter. C h lo ride  levels in C halk  g ro u n d ­
w aters o f  the Y o rk sh ire  W olds are  typically  close to  20 m gl; the M ark et W eigh ton  
(Springw ells) source how ever records som ew hat h igher values, w hich have increased  
since 1967 from  23-26 mgl to  24-34 mgl. T he bacterio logical s tan d ard  o f  the raw  w aters 
from  all sources is consisten tly  high, w ith only very occasional low  co lifo rm  counts .
Reliability o f A nalytical Techniques
T lie in te rp re ta tio n  o f  long-term  trend  d a ta  as evidence for po llu tion  depends to  a 
considerab le  extent on  the accuracy and  reliability  o f  n itra te  analyses. N u m ero u s a n a ­
lytical techniques are availab le  fo r the d e te rm in a tio n  o f  n itra te  in w aters. Waters^® 
reviewed those m ethods involving co lo rim etric  m easurem ent, b o th  d irectly  an d  ind irectly  
a fte r reduction . Significant prob lem s arise because o f  changes in co n cen tra tio n  d u rin g  
tran sp o rt and  sto rage, varying effects o f  in terfering  ions an d  n a tu ra l co lou rs o f  w ater an d  
incom plete conversion  o f the n itra te  ion to  the d istinct m o lecu lar species to  be co lo ri- 
m etrically  determ ined. M oreover since the percentage conversion  depends co n sid erab ly  
on  experim ental cond itions, failure to  adhere  to  s tan d ard ized  p rocedures leads to  irrep ro - 
ducib iliiy  o f  results by the sam e m ethod.
A study  o f  dilTerences betw een to  different labo ra to ries  em ploying various m ethods, 
gave a m ean result o f  4 43 mgl NO3-N for a s tan d ard  so lu tion  o f  4 60 mgl NO3-N, w ith  
a lowest value 0 89 mgl NÔ3-N below standard.® In tc rlab o ra to ry  w ork  w as in tro d u ced  in
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the  present investigation  m ainly to aid the in te rp re ta tio n  o f  past d a ta , th o u g h  rap id  
analy tical m ethods involving d irect observation  o f the u ltra-v io le t ab so rp tio n  an d  a 
specific ion e lectrode were also included. T he results for som e split sam ples (T ab le  II) 
revealed an  abso lu te  va ria tio n  o f m ore th an  i f o  mgl NO3-N, bo th  betw een m eth o d s and  
in repeated  de te rm in a tio n s w ith the specific ion electrode. It is thus c lear th a t the 
analy tical p rob lem  will, in m any  cases, restric t the in te rp re ta tio n  o f  h isto rical o r  sequen tia l 
n itra te  d a ta . A sim ilar p rob lem  m ay also be posed w hen a ttem p tin g  to  im plem ent any 
recom m ended  lim it fo r w ater-supply .
T A H l,E  It. iNTtR-LABORATORY COMPARISON OF N iTRaTE ANALYSES OS CHALK GROUNDWATERS FROM
EAST York.siiire
Split sam ples taken on  15 F eb ruary  1972. All results in mgl N O j-N
S ource
Lab A L ab » Lab C L ab D Lab EV Absolute
Variation
N o. 
(F ig . 1)
M ethod j M ethod M ethod j  M ethod M ethod M ean from M ean
D C pda D Cxyl D C pda S lo n E l D C br 1 U V Sp ' D C pda  j S lo n E l,, -r -
9 8-4 .•5 8-5 9 oM  1 7-8 7-8 8-0 j 7 Ï 8 2  I 0-8 0-5
8 6-3 7 oM 5-9 6-7 5-7 5-4 5 2m i 5-5 6-0 1 1 0 0-8
5 7-1 7-5 7 4 8-2M 7-0 7-0 7-2 t 6 9m 7 3 0 9 0-4
11 10-5 1 t o o 9 1 10 9 M 8-6 8 im 8 8 8 4 9 -3 1 6  ! 1-0
to 11 oM I0-5 8-7 9 0  , 8-9 i 8 6 ! 8 -im 9 2 1-8 i-i
3 6-7 7 oM 5-5 6-5 . 4 9 1 5-0
1
4 8m 1 4^ 5-7 1 3 0-9
4 -0 7 4 -0 8 — 0-1 4 0-6 ' - 0-5 j - o - 7
1
(
— 0-5
!  I
- 0 -7 A verage V aria tion  
from  M ean
M : m axim a, m : m inim a
K ey to M etuoos:
D C: Direct Colorimetric Methods with phenol — 2 4  disuiphonic acid (pda) or brucine reagent (br) 
o r 2  4  xylenol (xyl)**
S lo n E l: Specific Ion Electrode*
U V S p: U ltra -v io let S p ec tro sco p y "
• Mean o f five determinations in 5  days with variation o f about ± i-o  mgl.
T his app lies in som e degree to , bu t does no t invalidate, the  trend  d a ta  fo r the C halk  
g ro u n d w aters  o f  E ast Y orksh ire  (F ig. 2). All analyses w ere carried  o u t by the  sam e 
technique, the d irect co lo rim etric  m ethod  w ith phenol-d isulphonic  acid , a lth o u g h  there  
have been changes o f  analyst an d  analy tical lab o ra to ry  including a change (from  L ab . A 
lo  L ab . B o f  T ab le  II) in 1971. T here  m ust therefore  be som e d o u b t as to  the ab so lu te  
m ag n itu d e  o f  pre-1971 levels, bu t the sh a rp  rise in recent years has been confirm ed  th rough  
the  de ta iled  an d  careful w ork  o f  Lab. B alone. E arlier b ackground  values are. to  an 
ex ten t, su b s tan tia ted  by the re la tionsh ip  betw een the results o f  Lab. B and  L ab. A in the 
in te r- lab o ra to ry  d e term inations (T able  If).
D istribution  of NO3-N in C halk G roundw ater
T he  netw ork  o f  sources w ith long-term  trend  d a ta  (Table I) are  sca ttered  th ro u g h o u t 
the  ru ral p a rts  o f  the region (Fig. 1). T he  deta iled  spatial d istrib u tio n  o f  n itra te  in 
g ro u n d w a te r o f  the sa tu ra ted  zone has been investigated w ithin a cross-scction  6 km wide
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Fig. 3. N itra te  c o n c e n tr a t io n s  o f C halk g r o u n d w a te r  in th e  M a rk e t W e ig h to n -B e v e r le y
a re a  in A u g u s t 1972
an d  16 km long. A sam pling  p rogram m e w as carried  o u t du ring  A ugust 1972 and  16 
pum pcd-sam plcs, 3 spring-sam ples and  7 dep th -sam ples were co llected  fo r analyses. T he  
results (Fig. 3) show  nearly  all g ro undw aters below  the o u tc ro p  o r in take  a rea  to  have 
N O j-N  co n cen tra tio n s in excess o f  6 0  m gl, w ith values exceeding to  o mgl NO3-N near 
the escarpm ent. These values arc  p ro b ab ly  som e 20-25 per cen t below  the a ll-tim e 
m axim a reached a few m o n th s earlier.
.'\n  c icctro-m agnelically  o p erated  d ep th -sam pler w as used to  skim  the w ater-tab le  and  
fo r sam pling at g rea te r d ep th s in three o bservation  boreholes. Little n itra te  stra tifi­
ca tio n  o r subm erged zone o f n itra te  reduction  w as revealed (F ig . 3). N a tu ra l Eh changes, 
causing  reduction  o f  n itra te , ap p ea r to  occu r in the confined zone how ever, since levels 
fall to  t o mgl NO3-N som e 6 km  dow n-d ip  (F ig . 3). C o n d itio n s dow n-d ip  are  o f  som e­
w hat academ ic in terest how ever, since they can n o t be used to  significant ad v an tag e  in 
w ater-supply  because o f  the co inciden t fall-off in perm eability  a n d  well yields in this 
direction.*
T he d istribu tion  o f  NO^-N in C halk  g ro u n d w a ter above the w ater-tab le  w as a lso  o f 
considerab le  interest. A few results in respect o f  po re-w ater have been p ro d u ced  fo r 
5 sites (Fig. i) at w hich C halk  b locks were carefully  rem oved from  trenches dug rap id ly  
by m echanical-cxcavator to  dep ths o f  4 m etres. Pore-w ater sam ples were ex tracted  from  
the blocks a fte r crush ing  to  a p aste ; this m ethod  m ay no t be ideal an d  m ight lead to  u n d e r­
estim ates if  n itra te  is n o t fully-recovered from  the sm allest pores. The results (F ig . 4) 
are nevertheless o f  interest an d  show  C halk  po re-w ater frequently  to  con ta in  m ore  th an  
15 mgl N O j-N  (and  som etim es in excess o f  30 mgl N O j-N ) a t shallow  d ep ths beneath  
fertilized arab le  land. T he co rrespond ing  values for unfertilized  grasslands w ere m ostly  
below  2 0 mgl NO3-N. D ifferences betw een the ex te rio r an d  cen tre  o f  blocks were 
observed and it is possible th a t accum ula tion  o f  so luble salts m ight be o ccurring  a fte r 
evap o ra tio n  w ithout any net g ro u n d w ater m ovem ent, o r  th ro u g h  o th e r processes.
I o s  I KK A M )  C K E A S E  O N
0 2
KEY:
NITRATE CONCENIRATION 
NOjNlnui / l )
5 10 20 30 40
n.3 22.6
WHO recommended 
limits
(site locations given in Fig.1)
B :
C:
D:
E:
Bridlington: natural unfertilised grassland for over 
50 years ; soil 1.0m. thick; sampled 5th. February 1973
Burton FIcmirvg: aratkc field regularly used for cereals 
reccivng about 100kgNfha/annum; soil 0 2m. thick; 
sampled 8 th. January 1973
North Ncwbald . arable field used regularly for cereals; 
soil 0.15m. thick; sampled tOfh. November 1972
Market Weighton: unfertilised grassland for 7 years; 
previously aratste field receiving about 40 kg N/ ha/annum ; 
soil 0.4m. thick, sampled 19th. March 1973
Octoni arable field used tor cereals receiving BSkgN/ha/annum; 
soil 0.15m. thick, sarrpled 25th.April 1973
Fig. 4. N itra te  c o n c e n tr a t io n s  o f Chalk p o re w a te r  in u n s a tu ra te d  zo n e
g r o u n d w a t e r  f l o w  r e g i m e  I N  C H A L K  A Q U I F E R
O verall P a tte rn  of R echarge, S torage and Throughflow
In the M arket W eighton-B everley area  o f  the Y orksh ire  W olds the hydraulic  tx.‘h a \io u r  
o f  the C h a lk  in its sa tu ra ted  zone has been studied  in de ta il, using hydrological pum ping  
tests, geophysical borehole flow investigations and  o th e r  m ethods. T he C halk  is a 
fissure-flow and  largely fissure-storage form ation  with h o rizo n tal perm eability  (k,,> in 
the range 20-200 m etres/day  in the active flow zones. C o rresp o n d in g  velocities o f  
th roughflow  to  the discharge a reas u n der na tu ra l hydrau lic  g rad ien ts m ust be in the range 
10-50 m etres/day  (F ig. 5).
T h ro u g h o u t the C halk  ou tcro p  the recharge regim e w as believed to be relativcly[sim ple. 
w ith in filtrating  p recip ita tion  an d  correspond ing  recharge a t the w a ter-tab le , at tim es o f 
zero soil m oistu re  deficit. T he u n sa lu ra ted  zone is typ ically  in the range 20-100 me 1res 
thick an d  rap id  fissure-flow was though t to  d o m inate  dow nw ard  g ro u n d w ater m ovem ent 
th ro u g h  this zone to  the w ater-table . H ow ever, as will be discussed below , the resu lts  o f  
iso tope w ork suggest that a to ta lly  dilferent unsa lu ra ted  How regim e m ay in fact prevail.
T he long term  average infiltration  in the Y orkshire  W olds is estim ated  to  be ab o u t 
too  m m /annum . Foster & M ilton" have com puted  the m axim um  m onth ly  in filtration  
for the no rth ern  part o f the region during  1962-70 to  be in excess o f  130 m m  with a to ta l 
o f 480 m m  during the period Septem ber 1965-Fcbruary  1966. In filtration  i\ usuallv
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co n ccn tra icd  in the m o n th s O c to h cr-M arch . hut there is frequently  som e p o st-M arch  
an d  in certain  years this can  he a significant p ro p o rtio n  o f the to ta l (e.g. .April 1966. 
Ma> 1967).
The response o f the w a ter-tab le  to  in filtration  as recorded in o bservation  boreholes, 
ap p ears  reasonab ly  p red ic tab le , bo th  in m agn itude  and  tim e-lag. T here  is generally  a 
sm all very rap id  response (p ro b ab ly  in fact partly  barom etric ) with the m ain recharge to 
the w ater-tab le  com m encing  a few days a fte r the co rresp o n d in g  rainfall and  spread  over a 
num lscr o f  days. T he response tim es in respect o f  the la tte r are norm ally  o f  the o rd er o f  
0 1 - 0 3  days/m etre  o f  u n sa lu ra ted  zone. On the evidence o f  g ro u n d w a ter levels in 
o bservation  boreholes, m inor “ flash"’ in filtration  du ring  periods o f  large soil m oisu tre  
deficit a lso  ap p ears  to o ccu r occasionally  a fte r sho rt heavy rainfall.
D eterm inations of Environm ental T ritium
T ritium  is a lad io ac tiv e  iso tope o f hydrogen  w ith a half-life o f  12 3 years. T ritia ied  
w ater occurs b o th  na tu ra lly  an d  artifically  in the a tm o sp h ere  from  w here it en ters the 
g ro u n d w ater cycle as in filtrating  p rec ip ita tion . T he tritium  level in p recip ita tio n  in­
creased  from  below  to  T U  (tritium  units o r  tritium  a tom s per to '*  p ro tiu m  a to m s) to a 
peak in excess o f  2000 T U  in sum m er 1963, as a result o f  therm o -n u clear testing  in the 
preceding to  years. O bserved o r co rre la ted  tritium  levels in British ra infall have been 
given by Sm ith n  al  and  it is im p o rtan t to  no te  that they did no t fall below  50 T U  durin g  
1962-70: the an n u al m eans, ad justed  for decay, have exceeded i<X) T U  in every year since 
195S.
Som e 30 tritiu m  d e te rm in a tio n s were carried  ou t d u ring  1970-72 on C halk  g ro u n d w a ters  
from  East Y orksh ire , by the m ethod  o f Allen®. M ost o f  the  sam ples were pum ped  from  
w ater-supply  boreho les but som e dep th  sam ples an d  spring  sam ples were a lso  included. 
T he g ro u n d w a ter co n d itio n s on  the sam pling  da tes were those o f  m o d era te  d ro u g h t in 
O c to b er 1970. high w ater-tab le  in M arch 1971 an d  fairly low w a ter-tab le  in A ugust 
1972. All o f  the tritium  co u n ts  a re  low  (less th an  50 T U ) an d  n o  less th an  21 o f  the 
sam ples had  co u n ts  below  10 T U  with a fu rth er 5 below  20 T U .
T en o f  the sam pling  sta tio n s were loca ted  in the area  o f  deta iled  investigation  (F igs. 
I an d  3) an d  the  results for this area  are  illustra ted  in Fig. 5. It is o f  no te  that :
(fl) D espite m ajo r recharge o f the C halk  w ater-tab le  betw een O c to b er 1970 and  A pril 
1971, no  significant increase in tritium  levels w as observed a t the 3 s ta tio n s  sam pled  
on b o th  dates.
(h) D epth  sam ples sk im m ed from  the surface o f  the w ater-tab le  in A ugust 1972 had 
low tritium  levels an d  it ap p ears  th a t tritiu m  layering can n o t explain  the low  values 
ob ta in ed  for the pum ped  sam ples.
E nv ironm ental tritium  is considered  a p a rticu larly  su itab le  tracer fo r w a ter since it is 
p a rt o f  the w ater m olecule. Sam ple c o n tam in a tio n  w ould in m ost c ircum stances lead 
only to  increased coun ts . W hile lim ited  iso top ic  co n cen tra tio n  in the liquid  phase  du rin g  
ev ap o ra tio n  has been recorded  and  in low velocity g ro u n d w ater flow system s iso top ic  
dilfusion  m ay p roduce  significant d ispersion, the  possibility  o f  any selective delay  o r  
re ten tion  o f  tritium  by soil o r  chalk  is believed to  be rem ote.
The m ost sa tisfac to ry  exp lan atio n  o f  the low tritium  levels in the C halk  g ro u n d w a te r o f  
East Y orkshire, when co m p ared  lo  recent rainfall, is that the bulk o f  the recharge to  the 
w ater-tab le  m ust reside m ore than  to  years, and  p ro b ab ly  m ore than  18 years, in the 
u n sa tu ra ted  zone during  dow nw ard  perco la tion . Low tritium  levels a re  being reco rded  
from  the sa tu ra ted  zone o f the C halk  over m uch o f  the co u n try , including N o rth  L inco ln ­
shire w here n itra te  po llu tion  is also reported . D irect investigation  o f  the u n sa lu ra ted
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/.one how ever has been relatively lim iicd. Sm ith el al'* de term ined  the to ta l tritium  o f  u n ­
sa tu ra ted  zone pore-w ater from  a cored  C halk  borehole  on  the Berkshire D ow ns in 1968 
It was concluded  th a t 85 per cent o f  the to ta l d ow nw ard  m ovem ent w as in te rg ran u la r 
seepage at a net flow ra le  o f  only o 88 m etres /an n u m ; the 1963 tritium  peak being clearly  
in evidence at ju st below  4 m etres dep th .
In East Y orksh ire , only  a t sam pling  sites on  the escarpm ent an d  n ear som e d ip-slope 
springheads, were som ew hat higher tritium  levels recorded  and  co m p o n en ts  o f  m ore  
recent w a ter Implied. These included the source  a t M arket W eighton (Fig. 5) the w orst 
alTected by n itra te  po llu tion . O n the availab le  evidence, it is no t possib le to  say w h ether 
such levels result from  the lim ited thickness o f  the u n sa tu ra ted  zone in p a rts  o f  these a reas, 
from  the existence here o f  a significant rap id -tran sit fissure-flow co m p o n en t o r  from  o th e r 
facto rs.
Dilemma of the L 'nsaturuted Zone
T he existence o f  a dom in an tly  slow -transit in te rg ran u la r flow regim e in the unsa tu ra ted  
zone is n o t easy to  reconcile w ith the know n hydrau lic  p rop erties  o f  the C halk .
The physical an d  hydrau lic  p roperties o f  28 selected sam ples o f  East Y orksh ire  C halk  
have been determ ined* an d  m ore com prehensive  lab o ra to ry  core  analysis o f  an ind iv idual 
C h a lk  bo reh o le  in B erkshire has been rep o rted .’ It should  be n o ted  how ever th a t 
cem en ta tion  is m ore  extensive in the East Y orksh ire  C halk  an d  th a t there  arc  signifi­
can t differences betw een its p roperties an d  those  o f  the so u th e rn  C halk . A lth o u g h  
w eathering , the presence o f  stylolites an d  m inor changes in lithology have a m easu rab le  
effect on  physical p roperties a t the in te rg ran u la r level, an d  there  m ay be a  tendency  for 
porosity  to  reduce with dep th , it is possible to  q u o te  o rd er-o f-m agn itude  values fo r the 
p u rpose  o f  the present discussion , in  the Y orksh ire  W olds, in ter-connected  p o ro sity  (6) 
is only m odera te ly  high and  unlikely on  average to  exceed o 20 in the u n w eath ered  sta te ; 
in stro n g  c o n tra s t the in te r-g ran u la r perm eability  is ex trao rd in a rily  low, with ky  (sa tu ra ted  
vertical perm eability) in the o rd e r o f  to  * m etres/day . This co m b in a tio n  c learly  im plies 
exceedingly sm all particle  sizes an d  po re-channel d iam eters a n d  such have been dem on  
sira ted  by scanning e lectron  m icroscopy.”  T he bulk o f  the  particles in the fabric  are  
cocco lith  p lates, believed to  be in the  o rd e r o f  t /zm d iam eter, w ith even sm alle r p o re ­
sizes. T he C halk  m ust be am ongst the finest o f  natu ra lly -occurring  g ra n u la r  m ate ria ls  
an d  if an  u n broken  in te rg ran u la r co lum n existed, it cou ld  be expected  to  su p p o rt a 
cap illa ry  fringe o f  unusual height. Pores o f  such d iam ete r w ould  d ra in  on ly  u n d er 
suctions in the  o rd e r o f  3 a tm ospheres a n d  explain the very high specific re ten tions. 
C en trifuge specific yield tests on  core sam ples from  East Y orksh ire  gave values up  to  
0 009 w ith an  average o f  a b o u t 0 003 an d  the  d rainage p ro b ab ly  derives en tirely  from  
occasional pores o f  larger diam eter.*
In q u a rry  exposures the rock m ass is traversed  by frequent m a jo r jo in ts  o f  m u lti­
d irec tiona l steeply-inclined aspect an d  even larger num bers o f  m inor jo in ts ;  the  typical 
density  o f  the m ajo r inclined jo in tin g  is reported  to  be 0 7 - 1 3  per metre.* T h ere  is 
evidence from  the C halk  o f  N orfo lk  th a t m any  o f  these inclined jo in ts  m ay  be closed 
‘tig h t’ a l relatively shallow  d ep ths o f  burial, but it shou ld  be bo rne  in m ind th a t very sm all 
openings can im part high perm eability  to  a rock m ass. If, fo r exam ple, each  jo in t  o f  a 
set o f  I m etre spacing had  an effective open ing  o f  01 m m , they w ould  develop  a p e r­
m eability  o f  0 05 m etres/day  (ab o u t 500 tim es the in te rg ran u la r kv). H o rizon ta l d is­
con tinu ities m ust also be present in the u n sa tu ra ted  zone. In the East Y orksh ire  q u arrie s  
their density  o f  occurrence ranges from  0 6-3  6 per m etre and  so lu tion  on  them  is believed 
to  be responsible fo r the very high perm eability  (ab o u t 120 m etres/day) o f  the  zone o f  
w ater-tab le  fluctuation  a t E tton .
l 88  F O S T E R  A N D  C R E A S E  O N
G iven (his fram ew ork o f  hydraulic  p roperties , specific questions concern ing  the d ilem m a 
o f  u n sa tu ra tcd  g ro u n d w ater fiow in the C halk  o rig ina ting  in the tritium  results sho u ld  be 
discussed.
(A) D oes the u n sa tu ra ted  zone have sufficient sto rage  capacity , in ab so lu te  term s, to 
ho ld  to  o r 20 years in filtra tion?
T ak in g  =  O 20 and  an average an n u al in filtration  o f  300 m m , 10 an d  20 years recharge 
cou ld  be sto red  in thicknesses o f  15 an d  30 m etres, w hich are  present over m ost o f  the 
in take  a rea  except in escarpm ent dry  valleys an d  near som e dip-slope springheads. T he 
po ten tia l fissure sto rage o f  the u n sa tu ra ted  zone is a lm ost certa in ly  an o rd er-o f-m ag n itu d e  
sm aller.
(B ) W hat o rd e r o f  vertical in tc rg ran u la r flow ra tes a re  physically possib le?
A ny dow nw ard  m ovem ent a t the in te rg ran u la r level for partia l sa tu ra tio n  will be u n d er 
the com plex in terac tion  o f  cap illa rity  and  grav ity ; b o th  the u n sa tu ra ted  k v  an d  the suc tion  
head being a function  o f  m oistu re  c o n ten t an d  pore  d iam eter. S a tu ra ted  d o w n w ard  
m ovem ent u n der unity  g rad ien t is the  lim iting case and , tak ing  k , =  lo '^  m /d ay  an d  
^ =  0-20, actual flow rates w ould  no t exceed 0 2 m /an n u m . H igher k r  an d  <f> (5 x  io~* 
m /day  an d  0-25), due to  w eathering  co u ld  increase the u p p er lim iting  flow ra te  to  a b o u t 
0*7 m /an n u m  at shallow  dep ths.
(C ) D o  m echanism s exist fo r the  pore-space to  accept an  an n u a l in filtration  o f  up  to  
480 m m  in 6 m on ths a t m axim um  rates p robab ly  exceeding 130 m m /m o n th  an d  30 
m m /day?
In view o f  the C h a lk ’s extrem ely  high specific re ten tion  it is assum ed th a t h igh sa tu r ­
a tions, p ro b ab ly  in excess o f  98 per cen t, m ust exist th ro u g h o u t m ost o f  the u n sa tu ra ted  
profile; tho u g h  th is has n o t been confirm ed. E v ap o tran sp ira tio n  an d  possibly d irect 
ev ap o ra tio n  from  the walls o f  fissures seem the only  possible processes availab le  to  fu rth e r 
reduce sa tu ra tio n . Such processes w ould  be significant p ro b ab ly  on ly  to  lim ited d ep th  
below  the th in  soil zone an d  their existence cou ld  im ply significant d ep artu res  from  the 
classical ev ap o ra tio n  m odel o r  w ould requ ire  re -appraisal o f  the ro o t co n stan t. A ssum ing  
an  average =  0 1 5  a t shallow  d ep ths, the m ean sa tu ra tio n  dow n to  3 m w ould  have to  be 
reduced  to  ab o u t 36 per cent (i.e. a w ater con ten t (fl) o f  0 09) to  acco m m o d ate  the  above  
an n u a l in filtration  in th a t d ep th  range. T he co rrespond ing  sa tu ra tio n  fo r a 300 m m  
in filtra tion  w ould  be 60 per cent (ff =  0*15). C om prehensive field sa tu ra tio n  profiles a re  
n o t availab le  bu t in the  lim ited investigations to  d a te  such low  w ater co n ten ts  have n o t 
been en co u n tered ; the sa tu ra tio n  o f  the blocks ob ta in ed  for p o re -w ate r sam pling  ( in ­
c lud ing  p it C  (F ig. I) excavated  d u ring  m o d era te  d ro u g h t) being consisten tly  in the  range 
80 -90  per cent. A t these sa tu ra tio n s the to p  3 m o f C halk  cou ld  n o t acco m m o d a te  m uch 
m ore th an  the first 150 m m  o f  in filtration . F u rth e r in filtration  co u ld  only be accep ted  
in to  the pore-space th rough  dow nw ard  displacem ent, th a t is by som e m ode o f  pision-flow . 
A t full sa tu ra tio n  any  excess external head  a t the  to p  o f  the in te rg ran u la r co lu m n  w ou ld  
generate  a  dow nw ard-m oving  pressure fro n t w ith rap id  d isp lacem ent o f  w ater a t the  base.
The velocity o f  the dow nw ard-m oving  pressure fro n t will c learly  vary considerab ly , fo r 
a  given p o ro u s m edium , w ith such factors as sa tu ra tio n  an d  the d istrib u tio n  an d  s ta te  o f  
confinem ent o f  the a ir phase. In the lab o ra to ry  response ra tes in excess o f  1 m /day  have 
been d em o n stra ted  fo r sm all increases in ex ternal head  a t nearly  full sa tu ra tio n  an d  cou ld  
explain  in p a rt the observed recharge response o f  the w ater-tab le  to  in filtration . H ow ever, 
w ithou t su b stan tia l p ro longed  pond ing  in the  th in  soil zone an d  superficial fissures, w hose 
available  sto rage above field capacity  is in any  case qu ite  lim ited, the ac tu a l ra te  o f  
accep tance o f  infiltrating  rainfall by th is m echanism  w ould  be m orc-or-lcss lim ited  to  
th a t D arcy flow ra te  co rrespond ing  to  the sa tu ra ted  k v  an d  a hydrau lic  g rad ien t only
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m arginally  above unity , th a t is ab o u t 0 - 5  m m /day . T his does no t ap p ro ach  the higher 
in filtration  ra tes o r rainfall intensities.
(D ) W hy are  the inclined d iscon tinu ities no t m ore  significant in the u n sa tu ra ted  g ro u n d ­
w ater flow regim e?
It is perhaps possible that individual inclined jo in ts  are  no t co n tin u o u s in dep th  and  the 
overall flow process m ight be co n tro lled  by in te rg ran u la r seepage betw een d iscon tinu ities 
a t various levels. H igh suc tions will certain ly  prevail a t shallow  d ep th s if sa tu ra tio n s  are  
significantly reduced an d  the initial p a rt o f  the  an n u a l in filtration  w ould  be draw n  in to  the 
pores. How ever, if co n tin u o u s jo in ts , even o f  m icroscopic  a p ertu re , are  present in dep th  
a n d  any  near surface po re-w ater deficiencies have been satisfied, it rem ains difficult to  
u n d erstan d  why p referred -rou tc  (fissure) flow w ould  n o t becom e rap id ly  estab lished , 
particu larly  when rainfall intensities an d  in filtra tion  ra tes are  high. O verland  flow o r 
shallow  lateral g ro u n d w ater m ovem ent (interflow ) m ight a lso  be expected  to  develop 
locally over sho rt distances in any  non-fissured locations.
T o  sum m arize, no  ad eq u a te  ex p lan atio n  o f  the in ferred  slow -transit system  is availab le  
an d  the overall regim e o f in filtration , ev ap o ra tio n  and  u n sa tu ra tcd  flow in the C halk  m ust 
rem ain  uncertain . F low  rates co u ld  be m ore th an  5  m /h o u r th ro u g h  som e fissures, less 
th an  I m /ycar th rough  the pores o r  v ariab le  co m p o n en ts  o f  b o th  system s.
TABLE III. OUT L I N E  OF C u r r e n t  Fertiuser Practice in the Y ork s h i r e  W o l d s
M onth 1
G ro p e s . ij 
T>pc \ |
F M A M J J A S
1
0
i
N j D
W inter | 
Cereals j
'!1
top dressing 
5 0 - 1 0 0  
kgN/ha (S)
seed bed j 
approx. 2 0  ' 
kgN /ha (C) !
Spring
Cereals H 
1
seed bed 
7 5 - 1 0 0  
kgN/ha (C) i
Grassland 1, |
1 1
ii !
intermittent dressings o f up to 
9 0  kgN/ha 
total 0 - 3 7 5  kgN/ha (S or C) 
mean 1 5 0  kgN/ha I
Potatoes
1
i seed 1 
bed , j
1 : 5 -  ! 1
1 9 0  ! 1 
kgN / ! ! 
1 ha(C) I j
1
Root ! 
Crops j
{ 1 seed bet 
1 7 5 - 1 : 5  kgh
I  1 .
1J/ha j
1
Peas 1 t seed bed j | 
, up to 2 0  1 1 
' ■ kgN/ha (C) 1 1
: t
after harvest 
‘haulms’ are 
ploughed-in !
1
1
1 .
I i  
!  !
1 2 5  kgN/ha 
(S) straight nitrogenous fertiliser 
(C) combined N/P, K fertiliser
1 0 0  N uniis/ucre =  1 cwiN/acrc -
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A G R I C U L T U R A L  P R A C T I C E  I N T H E  Y O R K S H I R E  W O L D S
Present Land-L'se and Cropping P atte rn
T he w idespread an d  relatively even d is trib u tio n  o f  the rising n itra te  levels, toge th e r w ith 
the  high o rgan ic  and  bacterio logical qu a lity  o f  the affected g ro u n d w aters, a p p e a r  to  
e lim inate  m any possible sou rces o f  po llu tion  a n d  it is concluded  th a t it m ust be due to  
som e change in the land  and  the way th a t it is farm ed . T he u n certa in ty  ab o u t the age o f  
the p o llu ted  w aters questions the relevance o f  discussion on the present land-use  a n d  
c ro p p in g  p a tte rn . N evertheless, this is a convenien t sta rtin g  po in t fo r look ing  at the 
overall changes in ag ricu ltu ral practice which have o ccurred  over the last 30 years.
The Y orksh ire  W olds are  a rich ag ricu ltu ra l region w ith ligh t-tex tu red  freely-drained  
soils resting d irectly  on sh a tte red  C halk . O ver w ide a reas the  soil zone is less th an  0 2 m 
in th ickness an d  only in the b o tto m  o f  the dry valleys docs it reach t m an d  have a m ore  
clayey ch arac te r.
A rab le  farm ing d om inates the region an d  as m uch as 60 per cent o f  the land  a rea  is 
ded icated  to  cereal grow ing. T here  is very little w o od land  o r  ro ugh  p a s tu re ; only locally 
docs such land-use exceed to  per cent o f  the to ta l and  overall it m ay less th an  5 per cen t.
Barley is by far the m ost im p o rtan t c rop . It is sow n in M arch an d  A pril, w ith  a 
fertiliser app lication  o f 75-100 k g N /h a  as show n in T able  111. T his is by no  m eans a 
high ap p lication  rate . M any unfertilised agricu ltu ra l soils co n ta in  in excess o f  1000 
k g N /h a  in the top  0 1 5  m, the bulk o f  w hich is o rgan ically -com bined  a n d  derives from  
the decay o f  p lan t residues and  direct fixation from  the a tm o sp h ere . In B ritain  m in e ra l­
ization  o f  these soil reserves typically generates som e 50 k g N /h a /a n n u m  an d  is largely  
assoc ia ted  with in tense m icrobial activ ity  in late spring  an d  to  a lesser ex ten t in autum n.*  
In excess o f  150 k g N /h a /an n u m  is requ ired  fo r high yields o f  m ost non-legum inous c ro p s, 
the g reatest deficiency occurring  in the lighter soils farm ed w ith c o n tin u o u s  o r  frequen t 
cereals.
Typical fertiliser p ractices fo r o th e r c ro p s are  a lso illustra ted  in T ab le  111 ; th a t fo r g ra ss­
land  varies widely, even w ith in  restricted  areas.
Long-term  Changes in Land-L’se and Fertiliser .Application
A deta iled  co n sidera tion  o f  three typical parishes, in the a rea  o f  deta iled  investigation  
m ark ed  in Fig. 3, has been undertak en . T he greatest change  is the d o u b lin g  o f  the  a rea  
devo ted  to  barley betw een 1955 and  1966. T h is increase has been achieved m ore  by the 
g rad u al rep lacem ent o f  trad itio n a l c ro p  ro ta tio n s  w ith repeated  cereal g row ing, th an  by 
expansion  o f  the a rab le  acreage. G rass lan d  has rem ained  stable  a t 2 5 -3 5 %  o f  the to ta l 
lan d  use. T he increased  barley  p ro d u c tio n  has been possible on ly  th ro u g h  the use o f  
fertilisers an d  is reflected by the increase in the ap p lication  ra te  from  20 k g N /h a /a n n u m  
in 1957 to  93 k g N /h a /an n u m  in 1971 (F ig. 6). U n fo rtu n ate ly  d a ta  on fertiliser ap p li­
ca tio n  c a n n o t readily be re la ted  to  parish  o r  c ro p  type and  ap p licatio n  ra tes m ay vary 
w idely. Local investigations suggest th a t, in the th ree  selected parishes, the co u n ty  
p ic tu re  is p ro b ab ly  represen tative. In recent years (N H J^S O *-based  fertilisers have been 
progressively replaced by N H ,N O ,-ty p es.
T he cu ltivation  o f  peas an d  beans for processing has increased in certa in  a reas recently , 
though  only locally to  exceed 5 per cent o f the to ta l land-use. Peas a re  legum inous and  
the c ro p  residues (haulm s) a rc  rich in n itrogen . They are  p loughed  in a fte r  harvest 
(T ab le  111) and  have been suggested as a possib le source  o f  n itra te  p o llu tio n  in o th e r  
areas.® The cu ltivation  o f  the processing pea is how ever fairly  localised in East Y o rk ­
shire and  it ap p ears  unlikely to  be a significant regional factor.
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Fig. 6. Reg iona l  t r e n d  in ap p l ic a t io n  r a t e s  o f  fe r t i l i se r  n i t ro g e n  to  all c r o p p e d  land
O verall the num bers o f  livestock in the Y orksh ire  W olds have n o t show n m ark ed  
consisten t increases during  the  period  1941-72. but the  c h arac te r o f  som e livestock 
feeding o p era tio n s has changed  radically . T here  a re  uncerta in ties ab o u t e stim a ting  the  
n itrogen  co n ten t o f  anim al excreta  but it ap p ears th a t in m any parishes a t least 50 k g N / 
h a /an n u m  arc  being generated . T his trad itiona lly  was re tu rned  to  the  lan d ; a lth o u g h  
evapora tive  losses m ust have been high, the m anure  being heaped  in m ounds on  fields to  
d ry  before au tu m n  and  then p loughed-in . The recent co n cen tra tio n  o f  the an im al 
pop u la tio n , particu larly  pigs, as a result o f  the developm ent o f  intensive rearing  un its, 
presents a w aste disposal prob lem  especially w here little land is available.
V ulnerability of N itrogenous Fertilisers to Leaching
A m ong all elem ents n itrogen  is the m ost com m only  deficient in ag ricu ltu ra l soils. 
W hatever the form  in which fertiliser n itrogen is app lied , in aerob ic  soils it is fairly rap id ly  
transfo rm ed  to  the n itra te  ion by b iological a c tiv ity ."  T he process is norm ally  com ple te  
w ithin a few weeks and  (N O j)*  (unlike (N H  is neither abso rbed  o r p recip ita ted  in soil 
and  thus highly m obile a n d  readily  leached. Shaw  show ed th a t 200 m m  o f  in filtrating  
rainfall com pletely  rem oved a fertiliser app lication  o f  134 k g N /h a  from  the top  0-15 m o f  
a sandy  so il; the leachate m ust have co n ta ined  67 mgl NO3 N ."
T he n itrogen  cycle in fertilised soils has been a research subject in agricu ltu ra l ch em istry  
for m any years. Leaching, together w ith o th e r m echanism s o f  loss o f  fertiliser n itrogen  
have received less a tten tio n  th an  u tilisa tion  by crops and  im m obilization  o r fixation in the  
soil. It is dilficult to  relate m uch o f  the published w ork on leaching losses to  ac tu a l 
agricu ltu ra l practices in given field co n d itions o f  o th e r areas, due principally  to  differences 
in soil p roperties , va ria tio n  and  variab ility  o f  w eather cond itions and  diversity  o f  soil
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m anagem ent and  c ro pp ing  procedures. N evertheless m any im p o rtan t results are p re ­
sented in som e o f the w orks.
C ooke  & Williams^ have sum m arized  the m any  decades o f  lysim eter an d  field d ra in ag e  
experim ents on  the C halk  at R o th am p sted , H erts. Significant n itra te  leaching has been 
observed from  unfertilized fallow ed soils p a rticu la rly  when rainfall in tensity  exceeded 
20 m m /day  in the spring. Peak n itra te  levels in the d ra inage  w ater from  p lo ts o f  fertilised 
o r  m anured  w intcr-w hcat (receiving 95 k g N /h a ) a p p ro ach ed  30 mgl NO3-N, but the long­
term  average was 7 2 mgl NO3-N ; for 250 m m  o f  d ra inage  the la tte r w ould represent a loss 
o f  18 k g N /ha . U nfertilized  plo ts had  drainage  w aters with an average o f  ab o u t 4 0 mgl 
N O j-N  and  a three fold reduction  in c rop  yields. T hey po in t ou t th a t losses o f  n itra te  
from  spring-sow n cereals cou ld  be expected to  he g reater than  for w in ter-w heat, w hich 
bo th  reduces drainage due to  spring  tran sp ira tio n  and  takes-up  n itra te  significantly  earlie r, 
in M arch o r  A pril. In co n tra st to a rab le  land, d ra inage  from  R o th am p sted  g rassland  
co n ta in s very little (N O ])-, even when fertilised o r m anured  a t typical rates.
S tew art ct  o / "  and  O lsen a  a / "  have used destructive core-sam pling m ethods to  study  
losses o f  n itra te  from  agricu ltu ra l land in C o lo rad o  and  W isconsin, U .S.A . respectively. 
Both w orks illustrate  the po llu tion  po ten tial o f  a rab le  farm ing using fertiliser app lica tio n s 
o f  150-170 k g N /h a /an n u m  and  the la tte r suggests that, as a result o f  the slow  average ra te  
o f  dow nw ard  m ovem ent o f  NO3-N through  the soil profile (0 4 m /annum ), this m ight no t 
be ap p aren t in g ro u n d w ater supplies for som e years. A com prehensive  survey o f a 
shallow  unconso lidated  aqu ifer in the N o rth  G erm an  low lands has show n n itra te  levels 
consisten tly  in excess o f  20 mgl N O ,-N  in the g ro u n d w ater below  extensive intensively- 
c ro p p ed  tracts o f  a rab le  land, co n trastin g  to  1 0  mgl N O ,-N  below  areas o f  forest and  
m eadow  with in term ediate  values in a reas o f  m ixed land-use.»
In the Y orkshire  W olds the 75-100  k g N /h a  app lied  on sow ing spring cereals will be 
particu larly  vulnerable to  leaching for perhaps 6 -8  weeks until it begins to  be tak en -u p  
by the grow ing c rop  in M ay. The long-term  average in filtration  is a ro u n d  300 m m / 
an n u m  and  ab o u t 60 per cen t o f  the to ta l land  area  is now  d evo ted  to  cereals; overall 
ra tes o f  leaching o f  46 and  102 k g N /h a /an n u m  w ould  thus be requ ired  to  raise the m ean 
n itra te  levels in g ro u n d w ater to  to  an d  20 mgl NO3-N respectively. T his assum es the 
d ra inage  from  the rem aining 40 per cent o f  the land  area , not u tilized for cereal farm ing , 
to  co n ta in  only 2 0 mgl N O j-N . A ny tendency fo r this value to  be exceeded, as a result 
o f  uncon tro lled  slurrying on grassland for exam ple, w ould fu rther aggravate  this s itu a tio n .
S U M M A T I O N  A N D  A P P R A I S A L
C urrent S ituation in Hast Yorkshire
It is now  w ell-established th a t the C halk  g roundw aters o f  the sa tu ra ted  zone in the 
aq u ife r 's  in take area  cu rren tly  have n itra te  levels ap p ro ach in g  the  lower recom m ended  
W H O  lim it for po tab le  supplies. A t the sam e tim e m ost o f  these g ro u n d w aters  a p p ea r  
to  co n ta in  very little, if any, therm o n u clear tritium  and  w ould ap p ea r by im plication  to  
be 10 years o r  perhaps even 20 years o ld ; tho u g h  significant hydraulic  ob jec tions to  this 
in te rp re ta tio n  can  be raised.
The Y orksh ire  W olds have becom e an area  o f  increasingly intensive cereal grow ing, 
w ith barley as the do m in an t c rop , and  it ap p ears  likely that changes in ag ricu ltu ra l 
practice, in p a rticu la r the increased  use o f  n itrogenous fertiliser, a re  c ither d irec tly  o r  
indirectly  the cause o f  the rising n itra te  levels in g ro undw ater. It is tem pting  to  link the 
steady  rise in fertiliser ap p lication  ra tes, which com m enced in ab o u t 1959, wi t h the rise in 
NO j-N  o f  the g ro undw ater supplies in 1971. If the available evidence is in te rp re ted  to
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im ply that the bulk o f  the n itra te  po llu tion  cu rren tly  being experienced is o f  such age. it 
cou ld  be inferred  that fu rth er increases will occu r because the ra te  o f  ap p lica tio n  o f  
n itrogenous fertilizers has m ore th an  q u ad ru p led . T hus a m ost pressing q uestion  is 
"H o w  m uch n itra te  is in the w ater o f  the u n sa tu ra tcd  zone a lread y  in passage to  the 
w a ter-tab le?"  T his cou ld  be answ ered  by d irect investigation , though  the w ork  m ay be 
expensive, tim e-consum ing and  be co n fro n ted  w ith p ractical difficulties.
E xam ination  o f  C halk  po re-w ater at shallow  d ep th s below  fertilized a rab le  land has 
a lread y  revealed n itra te  co n cen tra tio n s in excess o f  15 mgl NO3-N and  locally in excess o f 
3 0  mgl N O ,-N ; in s trong  co n tra st to  those below  unfertilized  grassland . W hile it has 
not been d em onstra ted  th a t such p o re-w ater is in m o tio n  d o w nw ards to w ard s the w ater- 
tab le , the co n cen tra tio n s show  the po llu tion  po ten tia l o f  n itro g en o u s fertilizers as c u r­
rently  used in cereal grow ing in East Y orksh ire . It arises because o f  the rap id  conversion  
o f  fertilizer nitrogen to  n itra te  in the soil, the tim e w hich elapses betw een ap p licatio n  an d  
u p tak e  by the grow ing c rop  and  the  fairly high p ro b ab ility  o f  in filtration  d u ring  th is 
period . O th er sources o f  po llu tion  a lso  cou ld  be presen t locally.
Im plications for W ater-Supply Engineering and A griculture
W hile the m axim um  n itra te  co n cen tra tio n s experienced to  da te  are not critica l, they 
give g ro u n d s for concern  inasm uch as the increase m ight be susta ined . Since m ost o f  the 
C halk  g ro u n d w a ter sources o f  the region cou ld  be affected, the scope for a llevia ting  the 
im pact o f  po llu tion  by m ixing is cu rren tly  lim ited.
R ising N O ,-N  levels in g ro u n d w ater supplies m ay well p rove to  be a n a tio n a l p ro b lem ; 
tho u g h  in all cases regional tren d s th ro u g h o u t an  extensive aq u ife r m ust be d istingu ished  
from  local ones, w hich m ay be re la ted  to  to ta lly  different origins. T h e  m echanism  o f 
po llu tio n  will generally be difficult to  determ ine b u t a fuller understan d in g  th an  a t p resen t 
is essential if a realistic policy fo r fu tu re  w ater-supply  a n d  land-use is to  be fo rm ula ted . 
K now ledge o f  the  process o f  leaching o f  the n itro g en o u s fertilizer is requ ired  to  suggest 
op tim u m  application  ra tes an d  tim es fo r the local cond itio n s. C o n tro l o ver leaching 
m ight be exercised by lim iting and  sp litting  app lica tio n s o r  by in tro d u c tio n  o f  new fertil­
izer types, though  c lim atic  v aria tion  an d  unp red ic tab ility  w ould  alw ays co n stitu te  a 
problem.*
It m ight be a rgued th a t n itra te  po llu tion  o f  g ro u n d w a te r is an  inevitable b y -p ro d u ct o f  
efficient high-yield arab le  farm ing, the p rob lem  n o t being how  to e lim inate  n itra tes but 
how  to  live with th em ; eventually  weighing the cost o f  w a ter trea tm en t against the  value 
o f  the increased c ro p  yield. H ow ever, there  is no  well proven  econom ical m ethod  o f  
rem oving n itra te  from  d rink ing  water.** T he present d istrib u tio n  o f  n itra te  in the 
u n sa tu ra tcd  zone and  its ra te  o f  m ovem ent to  the w ater-tab le  cou ld  be critical in pu ttin g  
a tim e-scalc on the urgency for developm ent o f  techniques.
G ro u n d w ate r po llu tion  frequently  can be insid ious, no t being recognized until aq u ifers 
a rc  irrevocably  afTecicd; qua lity  m o n ito ring  a lone , w ith o u t so u n d  u n d erstan d in g  o f  the 
g ro u n d w ater flow regim e, is often  ineffective as a safeguard  to  w ater-supplies. T here  is 
a lso dan g er in linking d e te rio ra tio n s in w ater-quality  som ew hat casually  w ith likely- 
look ing  sources o f  po llu tion  w ithout consid era tio n  o f  the hydrogeolog ical processes 
opera tin g  in the vast volum es o f  in tervening rock.
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GROUNÜWATER STORAGE-RIVERFLOW RELATIONS IN A CHALK 
CATCHMENT
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A B STR A C T
F o ste r, S .S .D ., 1974. G ro u n d w ate r sto rage—riverflow  re la tio n s  in a chalk  ca tch m e n t.
J . H y d ro l., 23 : 2 9 9 - 3 1 1 .
D ata from  co n tin u o u sly  m o n ito re d  obse rv a tio n  b o reh o les and  th e  p e rm a n en t river 
gauging s ta tio n  in th e  West Beck c a tch m en t o f  the  East Y orksh ire  C halk are  p re sen ted  and  
analysed . L ayered  h y d rau lic  s tru c tu re  in th e  chalk  a q u ife r  is re flec ted  in th e  fo rm  o f and  
co rre la tio n  b e tw een  recession characteris tics . A series o f  fairly  well defin ed  lin ea r s to rage  
e lem en ts , each  w ith  d iffering  co effic ien ts o f  p e rm eab ility  and  sto rag e , ap p ear to  be p resen t. 
T h e  d is tr ib u tio n  and varia tion  o f  sto rage and  p e rm eab ility  w ith  d ep th  m ay  be critical 
fac to rs  in c a tch m e n ts  such  as th is , w here  schem es for au g m en ta tio n  o f  d ro u g h t riverflow s 
from  g ro u n d w a te r s to rage  are  u n d er co n sid era tio n  o r in p ilo t deve lo p m en t.
IN T R O D U C T O R Y  REM A R K S
The chalk formation underlies a large area o f lowland Britain and is the 
nation’s most important aquifer. In those catchments with chalk bedrock the 
groundwater component of total river discharge frequently exceeds 50% and 
may reach 95%.
In numerous chalk catchments, current interest centres on the exploitation 
of sub-surface storage for augmentation of low riverflows and in artificial 
recharge schemes (Ineson, 1970). The former involves a degree of regulation 
of natural aquifer discharge through the manipulation of groundwater levels 
with pumping boreholes.
Precise understanding o f the natural groundwater storage—riverflow 
relationships in chalk catchments is thus of considerable practical relevance 
to water resources development, particularly in relation to operating 
conditions in drought. Moreover, the analysis of riverflow and groundwater 
level data can give valuable indications of the gross hydraulic characteristics 
of a permeable catchment, against which the results o f localised pumping test 
investigations can be viewed.
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BASIC C O N SID E R A T IO N S
Horton (1933) and Barnes (1939) found that the components forming a 
discharge hydrograph, including those derived from a groundwater system, 
frequently each had a recession that could be approximated by simple 
exponential relationships of the form:
Qt  =  =  QoK^  ( 1 )
where Qq and Q, are the discharge at the beginning of the measurement period
and after time t respectively and k and K  are known as recession constants.
When logioQ was plotted against (, a straight-line relationship thus resulted 
for each component, in which for one log cycle of Q:
k = l/AM og,oC = 1/0.43A / (2)
Clearly, in the case of the groundwater component, k will be a function of 
the aquifer transmissivity (T), storage coefficient (S) or specific yield (Sy ), 
and the catchment geometry. Moreover, the total amount o f groundwater 
storage above outlet or hydrological base-level (Sf) corresponding to a river 
baseflow {Qt) will equal the total potential drainage:
S, = /  Q,d( = (3)
I
from which it follows that:
St = Qt/k  (4)
Such a groundwater system can be termed a “ linear reservoir” because its 
rate o f natural discharge is directly proportional to its storage and storage 
levels. It is implicit in the Horton (1933) equation, 
h . Using a mathematical model of simplified systems, Singh and Stall (1971)
have shown that the boundary conditions to which log-linear recessions 
strictly relate are horizontal flow to a partially-penetrating river from a 
hydraulically connected large homogeneous and isotropic water-table aquifer, 
when variations in stream-stage are negligible in comparison to those in 
[i' saturated aquifer thickness; departures occur in the case of a fully penetrating
river. In practice the relationship probably holds providing hydrogeological 
; conditions are relatively simple with one extensive, fairly uniform aquifer,
 ^ : negligible direct évapotranspiration of groundwater in riparian areas, absence
u of major groundwater development, river regulation and significant effluent
discharges.
Ï-. Under more heterogeneous conditions but without artificial interferences,
f .  a non-linear reservoir relationship o f the form:
h .
r
i :
Q i  =  Q o C ' '" "  < 5 *
3 0 1
is probably appropriate, with n a variable exponent.
DATA FRO M  EA ST Y O R K SH IR E  C A TC H M EN TS 
Riverflow—groundwater level recession characteristics
In the course of an analysis of riverflow data for regional hydrological 
study o f the East Yorkshire Chalk (Foster and Milton, 1974), it became 
apparent that each of the recessions of the two main tributaries of the Hull 
river system could not be represented by any single log-linear relationship.
The gauging structures on these tributaries, at Wans ford Bridge (W) on West 
Beck and Foston Mill (F) on Foston Beck (F ig.l), are situated such that 
almost their entire flow (85—95%) is discharge from the undeveloped chalk 
aquifer. The approximate sub-surface boundaries of the respective ground­
water catchments are also indicated in F ig.l.
It was also evident that the riverflow recessions could be split into a 
number of log-linear segments (a, b and c in Fig.2). The examination o f data 
for other years with uninterrupted recessions corroborated this analysis. For 
both gauges three segments appeared to be present and in the 1962—72 
data recurred in relatively closely-defined flow ranges (Table I).
The recession of groundwater levels, in the only observation borehole in 
the area continuously-monitored with an autographic water-level recorder 
{N in F ig .l), had a similar form to the riverflow recessions but included only 
two definite log-linear segments (jc and y  in Fig.2) with the trace of a third 
towards the end of the recession. When the riverflow data for W and F were 
correlated with the groundwater level data for N  (Fig.3) their relationship 
was certainly not linear, as would be expected if the aquifer behaved as a 
simple linear storage reservoir. This was particularly apparent when extreme 
drought conditions (1964) were considered. No part of the departure from 
linearity could be attributed to differences between spring, summer and 
autumn groundwater évapotranspiration from riparian areas because their 
extent was far too restricted, nor to artificial interferences which were 
negligible.
It was apparent that a split into two linear sections, or possibly three in the 
case of the W—N  correlation (Fig.3), was possible, the data tending to a base- 
level of about +15 m OD in the case of W and nearer to +16 m OD for F. 
Although this was perhaps stretching the interpretation, representation of a 
complex groundwater system by a series of linear storage elenients is prefer­
able, if at all practical. It should be noted that for the lower flow-ranges in 
the respective cases, the total riverflow is virtually all baseflow (i.e. chalk 
aquifer discharge) but at higher flows other minor components, such as 
surface run-off and bank storage, are also present. The position at higher 
flows is also complicated by minor incidents of recharge, although most of 
these were deliberately avoided in the choice of data analysed.
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The Foston Beck catchment is not ideally suited to hydrological analysis 
because o f the seasonal variability in its groundwater catchment resulting 
from a complex relationship with an intermittent water-table river, the Lower 
Gypsey Race, to the north and east (Foster and Milton, 1974). The variation 
in catchment area (as indicated in F ig.l) is substantial; increasing from about 
50 km’ to almost double that area, fairly early in the recession. This factor 
may exert some influence on the data from this gauging station for values of 
F in excess of about 0.7 cumecs and certainly affects those for F much above 
1.0 cumecs. Hence analysis of data from this station is not pursued further.
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Fig.2. R iverflow  and  g ro u n d w a te r level recession  characteris tics . F o r e x p la n a tio n  o f 
sym bols see te x t.
Hydrogeology o f  the West Beck catchment
The bulk of the flow in West Beck originates from a group of major. 
artesian springheads to the immediate southwest of Great Driffield; although 
in conditions of highest water-table the increase in groundwater pressure is 
not fully dissipated by increased flow at the perennial springheads, and new 
springs and seepage areas are initiated at higher levels.
3 04
T A B L E  I
S um m ary  o f riverflow  recession  characteristics*  
Segm ent R ecession c o n s ta n t k  (days '*  )
IV F
a 0 .0 2 0 ? 0 .0 1 8 -0 .0 2 2
In flex io n  (cum ecs) 1 .8 -2 .4 ? 0 .5 - 1 .0
6 0 .0 1 0 0 .008
In flex io n  (cum ecs) 0 .6 - 0 .8 0 .3 —0.4
c 0.004 0 .0 0 3
‘ F o r ex p lan a tio n  o f  sym bols see te x t.
On the basis of groundwater level contours, the flow lines to the main 
springheads and thus the lateral boundaries of the subsurface catchment can 
be defined with tolerable accuracy (Foster and Milton, 1974). They were 
shown to be relatively stable seasonally. The outer limits of the catchment 
can also be defined fairly closely although they are somewhat complicated 
by complex geological structure on the northwestern water-divide and by 
recharge from a minor semi-perched chalk watercourse, the Upper Gypsey 
Race, in the north. The net result is a sub-surface catchment with an area of 
235 ± 1 5  km  ^ and a small inflow (about 0.1 cumecs at maximum, decreasing 
to less than 0.02 cumecs at drought) across the northern boundary.
The gauging structure itself at Wansford Bridge is a compound standing- 
wave flume, the rating of which is occasionally affected by weed growth. 
Certain minor irregularities in flow are caused by the operation of a mill and 
non-consumptive abstraction at a trout farm, but the effluent load is 
negligible. There is, however, a by-pass flow in a relief drain on the southern 
bank which could perhaps lead to an underestimate in excess of 5% of total 
catchment discharge (Foster and Milton, 1974). A small buried channel 
underlies the gauge but the shallow underflow can be shown from first 
principles to be insignificant; the deep underflow in the chalk is greater but 
will rarely exceed 0.05 cumecs. The export and consumptive use of chalk 
groundwater in the catchment is also virtually negligible at present; the 
equivalent of less than 0.02 cumecs.
The topography o f the West Beck catchment is typical o f chalk outcrop 
country, undulating with many dry valleys; the elevation exceeding +30 m OD 
throughout and reaching in excess of +150 m OD in the northwestern extrem­
ities. The outcrop is freely draining and virtually devoid of surface water 
except for the occasional pond.
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Fig.3. C halk g ro u n d w a te r level—discharge ra te  c o rre la tio n . F o r  ex p lan a tio n  o f  sy m b o ls  see 
te x t.
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In its saturated zone the chalk formation is a dominantly fissure-flow and 
essentially fissure-storage high T—low Sy aquifer. Its hydraulic behaviour has 
been investigated in detail in the Etton area to the soutli (F ig .l) (Foster and 
Milton, in prep.). Within the West Bank catchment the groundwater contours or 
equipotential lines decrease in spacing towards the major springheads despite the 
converging flow in this direction. This inverse situation is interpreted as 
indicating steadily increasing T values down hydraulic gradient towards the 
discharge area, permeability development in the chalk aquifer being largely 
due to solution by circulating groundwater on pre-existing discontinuities.
By similar reasoning the groundwater level contours indicate fairly uniform 
aquifer properties laterally across the catchment, but with above average T 
values stretching into the Wetwang area (towards boreholes nos.2 and 3 in 
Fig.l).
Extension and interpretation o f  West Beck data
During 1971 five purpose-drilled chalk observation boreholes were 
completed in and immediately adjacent to the West Beck catchment (nos.2,
3, 4, 5 and 6 in Fig.l). Their water-levels have subsequently been monitored 
by autographic recorders.
In 1972 an extended recession commenced in late-February and continued 
with only minor interruptions until mid-December. For boreholes nos.2, 3 
and 6 the recession characteristics (Table II) closely resembled those previous­
ly described for N  (Fig.2).
The recession o f borehole n o .5 has no distinct inflexions and has an overall 
k o f about 0.0014 days"'. That for borehole n o .4 is distinct with the 
recession steepening at an early stage from an initially slow rate (Table II);
T A B L E  II
S u m m ary  o f g ro u n d w a te r level recession  characteristics*  
S egm en t R ecession c o n stan t k  (days ')
3N  2
( 1 9 6 4 - 7 0 )
X 0 .0 0 3 0
In flex io n  (m  OD ) + 20
6 5
(1 9 7 2  d a ta  o n ly ) 
0.0020  0.0020  0.0020
+ 21 +  20 +  22 ap p ro x .0 .0 0 1 4
0 .0 0 0 7
+ 52
0 .0 0 0 8
0 .0 0 0 6
0 .0004 0 .0004 0 .0 0 0 6 0.0012
* F o r ex p lan a tio n  o f  sym bols see tex t.
307
o o
CN
Oi
5:
3  s  
g :
1 1
; l
c E
■ Ë  c
^  a
i  «
1 1
o  .
Ü  o
(t9«uin3) M 1» *0||#*Aiy i  a
•oc u o
308
this could be due to the influence of recharge from the Upper Gypsey Race 
or to local differences in aquifer properties.
The correlation of the 1972 water-level data from the new observation 
boreholes with the corresponding riverflow at W (Fig.4) corroborates and 
considerably extends the results presented in Fig.3. The separation into two 
linear storage elements corresponding to flows at W of greater and less than 
2.5—3.0 cumecs is consistent. A third element is present in the data from 
boreholes nos.4 and 5, for W less than about 1.0 cumecs. In extreme drought 
it is probable that a third segment would be revealed in the data from bore­
holes nos.3 and 6 and for borehole n o .2 (not illustrated in Fig.4), whose plot 
is almost coincident. All the data must trend to a catchment base-level of 
about +15 m OD for W = 0.
'I'he data in Fig.4 are interpreted as strong evidence o f the overall layered 
hydraulic structure of the chalk aquifer in the West Beck catchment. Each 
storage element will have a distinct combination of T and Sy values. Those 
for the specific yield (Sy) will correspond directly to the particular element 
undergoing drainage but the T  values will be the total transmissivity of the 
saturated aquifer and will decrease progressively, and probably in quite 
marked steps, during the recession. The location of the three storage elements 
in depth would appear to be as indicated by i ,  2 and 3 in Fig.5.
The analysis can be extended to compute catchment average values o f Sy  
for each storage element from consideration of the area of the sub-surface 
catchment, the total volume of baseflow during a defined period and the 
corresponding mean groundwater level recession over the catchment; the 
main source o f error in the present case being estimation o f the last o f these 
factors. Values for Sy of 0 .010—0.015, 0 .015—0.020 and 0.005—0.010 were 
obtained for the elements J, 2 and 3 in Fig.5, respectively, from analysis of 
the 1964—72 data. Furthermore, if the existence of a single linear element of 
aquifer storage between extreme drought groundwater level and hydrological 
base-level is assumed, it is possible through applying eq.4 to make an estimate 
of its average Sy. A value of about 0.002 was obtained, significantly less than 
that o f the overlying elements.
The layered hydraulic structure o f the outcrop chalk aquifer in East York­
shire has been independently verified at one site at least. Detailed investiga­
tions at Etton, to the south of the West Beck catchment (F ig .l), showed an 
effective transmissivity of about 1,000 m  ^day"' and Sy of 0.005 at minimum 
water-table but the saturation of the basal 7 m of the zone of seasonal water- 
table fluctuation added 1,200 n f  day"* to the total T  (Foster and Milton, in 
prep.). The former values would appear to correspond to element 1 in Fig.5 
and the latter to element 2 (the upper zone of major permeability development).
Geophysical borehole flow investigations at Etton showed that at minimum 
water-table the bulk of the flow and the total T  was contributed by an 8 m 
thick layer with its base at around -2 0  m OD; there appeared to be negligible 
groundwater flow (and presumably restricted storage) below about -3 0  m OD. 
This factor together with the exceptionally high permeability of the chalk in
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the vicinity of the Pleistocene buried coastline along the perimeter of the 
Hull valley, proven at Haisthorpe (Foster and Milton, 1974), have been used 
in the interpretation of aquifer structure in Fig.5; uniformity perpendicular 
to this section across the catchment and throughout the East Yorkshire dip 
slope being reflected by the form of groundwater level recessions throughout 
the region. The two layers of principal permeability development may be 
attributed to solution during long-term groundwater circulation, the upper to 
the existing base-level and the lower to a previous much lower and probably 
Pleistocene base-level.
DISCU SSIO N  AND C O N C LU SIO N S
It is clearly inadequate to assume a uniform distribution of permeability 
and storage with depth in a carbonate aquifer such as the chalk. A fairly well- 
defined layered structure appears to be present in East Yorkshire. In such an 
aquifer it is to be expected  that borehole yields, borehole yield-drawdown 
characteristics and the spread of pumping interference effects will show 
major or significant variation with groundwater level. Considerable caution 
is thus required in the interpretation of, and extrapolation from preliminary 
investigation and pilot operation for river augmentation schemes, which 
ultimately at full-scale will involve the manipulation o f aquifer storage located 
below drought groundwater level or even below hydrological base-level.
In relation to the rate and magnitude of propagation o f interference effects 
from “remote” pumping centres to distant springheads and surface-water 
features, the variation of Sy is particularly important. For example, variation 
in Sy between 0.020, 0.005 and 0.002 would cause marked differences in the 
drawdowns at 5 km radius from a pumping centre in a T = 1,000 m  ^day"' 
aquifer after 50 days abstraction at 20 Ml day"'; the drawdowns corresponding 
to these Sy values being less than 0.1 m, about 1.0 m and in excess o f 2.0 m, 
respectively, and implying contrasting diminutions in flow of springs dis­
charging against heads of say, 0.5—3.0 m.
It is also essential that hydrogeological conditions and aquifer properties 
should be carefully considered before attempting to synthesise or extrapolate 
drought hydrographs in permeable catchments containing this class of aquifer.
Finally, there arises the question of how typical is the West Beck catch­
ment o f other areas of the English chalk. Clearly significant variations are to 
be expected with changes in relief, discharge regime, geological structure and 
overlying strata as well as with those in chalk stratigraphy. It is, however, 
interesting to note that Ineson and Downing (1964), after examining 
numerous graphs of the logarithm of discharge against time, suggested that 
“for many British (Chalk) rivers no single linear plot can be constructed”.
Some of the examples quoted from East Anglia have a comparable form of 
recession with that of West Beck. Headworth (1972) in a study of the 
Hampshire Chalk indicated that several log-linear sections are present in some 
riverflow and groundwater-level recessions in that region also.
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AH.STRACT ;
In Its sa tu ra ted  zone the C halk , the m ost im portan t British aquifer, is a dom inan tly  fissure-flow and 
essentially fissurc-storage form ation. This paper evaluates the results o f  a com prehensive investigation 
into Its hydraulic behaviour in an area o f  some 40 km^ o f  the East Y orkshire ou tcrop . The hydraulics o f 
idealized fissures arc used to  extend the in terpretation . N o strong  lateral an iso tropy  o f  hydraulic properties 
IS apparen t in this area but vertical heterogeneity is very m arked, w ith the m ain perm eability  developm ent 
p robably  being along horizontal discontinuities in two layers o f  restricted thickness.
R É SU M É
D ans la zone sa tu rée dc la C raie, la plus im portan te  nappe du R oyaum c-U ni, l'écoulem ent sou te rraine 
se rencontre  su rto u t dans les fissures, ct les ressources en eau s 'y  contiennent aussi. D ans ce rapport on 
évalue les résultats d ’une investigation étendue du régim e hydrodynam ique dc la C raie dans une région 
de 40 km* de l'afllcurcm cnt de l'est de Y orkshire. Pour étendre l'in te rp ré ta tio n  on fait usage dc l 'h y d ro ­
dynam ique théorique dc fissures idéalisées. D ans celle zone il n 'y  a pas de grande aniso trop ic  latérale des 
caractéristiques hydrauliques, mais une hétérogénéité verticale est bien évidente, et selon tou te  apparence 
le p rincipal développem ent de perm éabilité se trouve le long dc d iscontinuités horizontales dans deux 
couches d 'épa isseu r limitée.
Introduction
Background
S in c e  th e  w o r k  o f  I n e s o n  ( 1 9 5 9 ,  1 9 6 2 )  th e r e  h a v e  b e e n  f e w  p u b l i c a t io n s  o n  th e  h y d r a u l ic  b e h a v io u r  
o f  th e  s a t u r a t e d  z o n e  in  t h e  C h a lk .  T h e  C h a lk  A q u i f e r  u n d e r l ie s  a  la r g e  a r e a  o f  lo w la n d  B r ita in  
a n d  a c c o u n t s  f o r  s o m e  15 p e r  c e n t  o f  th e  n a t io n a l  w a t e r  s u p p ly .  In  t h o s e  c a t c h m e n t s  o f  s o u t h e r n  
a n d  e a s t e r n  F .n g la n d  w it h  C h a lk  b c d r ts c k , th e  g r o u n d w a t e r  c o m p o n e n t  o f  t o t a l  r iv e r  d i s c h a r g e  
f r e q u e n t ly  e x c e e d s  5 0  p e r  c e n t ,  a n d  m a y  r e a c h  9 0  |x*r c e n t .  C u r r e n t  in t e r e s t  c e n t r e s  o n  th e  
p o s s ib i l i t y  o f  a u g m e n t in g  lo w  r iv e r  f lo w s  b y  p u m p in g  f r o m  g r o u n d w a t e r  s t o r a g e ;  t h e  d e s ig n  o f  
s u c h  r iv e r  r e g u la t io n  s c h e m e s  r e q u ir e s  a  m o r e  p r e c is e  k n o w le d g e  o f  a q u i f e r  h y d r a u l ic s  th a n  h a s  
b e e n  n e e d e d  p r e v i o u s ly .  T h is  k n o w le d g e  is  a l s o  o f  r e le v a n c e  in  p r e d ic t in g  t h e  m o v e m e n t  o f  
|H > llu ta n ts  a n d  in  th e  d e s ig n  o f  d e e p  e x c a v a t i o n s .
I n e s o n " s  w o r k  o n  C h a lk  p e r m e a b i l i t y  w a s  b a s e d  e s s e n t ia l l y  o n  a  s t a t i s t i c a l  a p p r o a c h  to  
r e c o r d  d a t a  f o r  p u m p in g  b o r e h o le s .  S u c h  d a t a  m a y  b e  o f  in d ilT c r c n t q u a l i t y  a n d  in a d e q u a t e  
f o r  in t e r p r e t a t io n  o f  a q u i f e r  c o n f in e m e n t  p a r a m e t e r s ,  h y d r a u l ic  b o u n d a r i e s  a n d  d is t r ib u t io n  o f  
p e r m e a b i l i t y  a n d  s t o r a g e  w it h  d e p t h .  O f  th e  s u b s e q u e n t  r e s e a r c h , th a t  o f  m o s t  p r a c t ic a l  v a lu e  h a s  
b e e n  t h e  u s e  o f  g e o p h y s i c a l  in v e s t ig a t i o n s  o f  p u m p i n g  b o r e h o le s  ( T a t e  et ol., 1 9 7 0 )  t o  d e t e r m in e  
th e  l e v e l s  o f  g r o u n d w a t e r  in f lo w .  A  d i s a d v a n t a g e  o f  t h is  t e c h n iq u e ,  w h e n  u s e d  in  i s o la t i o n ,
4 8 5
is  th a t  it is  o f t e n  d in ic u l l  t o  d i s t in g u is h  e s s e n t ia l l y  b o r e h o le  c o n d i t i o n s  o r  p r o c e s s e s  f r o m  t h o s e  in  
th e  a q u i f e r  i t s e l f .
T h e  m o s t  d ir e c t  m e t h o d  f o r  in v e s t ig a t i o n  o f  g r o u n d w a t e r  h y d r a u l ic s  is  th e  p u m p in g  te s t  
b u t  r e l ia b le  in t e r p r e t a t io n  in' a  f o r m a t io n  l ik e  t h e  C h a lk  r e q u ir e s  s o u n d  k n o w le d g e  o f  lo c a l  
h y d r o g e o lo g i c a l  c o n d i t i o n s ,  a d e q u a t e  o b s e r v a t io n  b o r e h o le  c o n t r o l  a n d  s u p p o r t in g  d a t a  f r o m  
o t h e r  in v e s t ig a t i o n s .  A n  o p p o r t u n i t y  t o  c o n d u c t  c o m p r e h e n s iv e  t e s t in g  c a m e  in  1 9 7 0  w it h  th e  
p r o p o s a l  t o  d e v e l o p  fu r th e r  g r o u n d w a t e r  p r o d u c t io n  f r o m  th e  E t t o n  a r e a  o f  t h e  E a s t  Y o r k s h ir e  
C h a lk  ( F i g ,  I ) ,
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Fig. I —  Location m ap o f  cast Y orkshire,
(ieohytirological Setting o f  the Etton Area
T h e  E t t o n  a r e a  is  f a ir ly  ty p ic a l  o f  C h a lk  d ip  s lo j ie s  a n d  h a s  a  s im p le  g e o l o g ic a l  s t r u c t u r e ;  
th e  d ip  r a r e ly  a p p r o a c h e s  S'" a n d  n o  t e c t o n i c  d i s t u r b a n c e s  a r e  k n o w n  ( F i g ,  2 ) , D u r in g  th e  
d e p o s i t i o n  o f  th e  u n d e r ly in g  J u r a s s ic  s t r a t a ,  s t r u c t u r a l  c o n t r o l s  d o m in a t e d  b u t  o n ly  s o m e  m ild  
in f lu e n c e s  a p p e a r  t o  h a v e  p e r s is t e d  in t o  th e  C h a lk ,
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T h e  iM id c llc /U p p c r  C h a l k ,  w h ic h  is  t h e  p r im a r y  c o n c e r n ,  c o m p r i s e s  a  h ig h ly - im i f o r m ,  
e x c e e d in g ly  f in e - g r a in e d  s e q u e n c e  o l  p u r e  w h i t e  l i m e s t o n e s  b r o k e n  o n ly  o c c a s i o n a l l y  b y  p r im a r y  
m a r ls ,  w h ic h  r a r e ly  e x c e e d  5 0  m m  in  t h ic k n e s s .  M o r e  fr é q u e n t  b r e a k s  in  th e  s e q u e n c e  a r e  a s s o ­
c ia t e d  w ith  s e c o n d a r y  f e a t u r e s ,  p a r t ic u la r ly  th e  u b i q u i t o u s  s t y lo l i t e s  w it h  th e ir  a s s o c ia t e d  m a r l  
s e a m s  a n d  th e  flin t  b a n d s .  L a b o r a t o r y  te s t s  o n  c o r e  s a m p le s  o f  th e  C h a lk  s h o w  c x t r e m e l )  lo w  
in t e r g r a n u la r  (P e r m e a b ili ty  ( <  1 0 "  ^ m /d a y ) ,  d e s p i t e  m o d e r a t e  p o r o s i t y  ( 0  1 4 - 0  2 0 ) .
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In  its  s a t u r a t e d  z o n e  t h e  L a s t  Y o r k s h ir e  C h a lk  m u s t  c o n s t i t u t e  a n  e s s e n t ia l l y  f i s s u r e - f lo w  
a q u i f e r ;  t h e  s a m e  m a y  n o t  n e c e s s a r i ly  b e  tr u e  o f  in f i l t r a t io n  a n d  v e r t ic a l  f lo w  t h r o u g h  th e  u n ­
s a t u r a t c d  z o n e  (I  o s t e r  a n d  C r e a s e ,  1 9 7 4 )  b u t  th is  t o p ic  is  o u t s i d e  th e  s c o p e  o f  th is  p a p e r .  T h e  
s a t u r a t e d  p e r m e a b i l i t y  w il l b e  a  f u n c t io n  o f  th e  c o n f ig u r a t i o n  o f  th e  p h y s i c a l  d i s c o n t in u i t i e s  o f  th e  
r o c k  m a s s  ( j o i n t s  a n d  le s s  r e g u la r  f is s u r e s ,  s o lu t io n  o p e n in g s ,  f r a c t u r e s  a n d  c a v i t ie s )  w it h  rc s |p cct  
t o  t h e  e x t e r n a l  o r  a p p l ie d  h e a d .  In  t h e  l im it e d  n u m b e r  o f  q u a r r y  e x p o s u r e s ,  th e  m a jo r  in c l in e d  
j o i n t s  a r c  n o r m a l ly  o f  m u l t i - d ir e c t io n a l  a s p e c t  a n d  h ig h  d e n s i t y  ( 0 - 7 - 1 - 3  p e r  m e t r e ) ,  w ith  th e  
f r e q u e n c y  o f  h o r iz o n t a l  d i s c o n t in u i t i e s  I v i n g  in  th e  r a n g e  0 - 6 - 3 - 6  p e r  m e tr e .  T h e ir  d e g r e e  o f  
p e r s i s t e n c e  in  d e p t h  h o w e v e r  c a n n o t  b e  s t a t e d  w ith  c o n f id e n c e .
T h e  F .tto n  p u m p in g  b o r e h o le s  a r c  lo c a t e d  in  a  t y p ic a l  s h a l lo w  m in o r  d r y - v a l l e y .  T h e  s t r a t i ­
g r a p h y  o f  t h e  s i t e  w a s  in v e s t ig a t e d  b y  e l e c t r i c a l  r e s i s t i v i t y  lo g g i n g ,  u s in g  a  3 e l e c t r o d e  1 5  m  
in v e r s e  s p a c in g  c o n s id e r e d  t o  g iv e  th e  b e s t  m e a s u r e  o f  tr u e  f o r m a t io n  r e s i s t iv i t y  ( G r a y ,  1 9 6 5 ) .  
C e r t a in  f e a t u r e s  c a p a b le  o f  lo c a l  c o r r e la t i o n  w e r e  id e n t i f i e d  ( / I ,  B a n d  C  in  F ig .  3 )  a n d  in d ic a t e  
a  d ip  o f  a b o u t  2® m o r e - o r - le s s  d u e  e a s t .  T h e  r e s i s t iv i t y  lo g s  a r e  a l s o  a  u s e f u l  b a s i s  f o r  c o m p a r i s o n  
b e t w e e n  t h e  E t t o n  C h a lk  a n d  th a t  in  o t h e r  a r e a s .
In  t h e  E l t o n  a r e a  th e  b o u n d a r y  b e t w e e n  t h e  z o n e s  o f  a e r a t io n  a n d  s a t u r a t io n  s e e m s  t o  b e  
a s  c l e a r ly  d e f in e d  a s  in  in t e r g r a n u la r - f lo w  a q u i f e r s ;  o n  d r i l l in g  b o r e h o le s  th e  w a t e r  g e n e r a l ly  
r is e s  a f t e r  f ir st  b e in g  s t r u c k ,  b u t  r a r e ly  m o r e  t h a n  1 m , t o  th e  le v e l  o f  a n  a p p a r e n t ly  s im p le  
lo c a l  w a t e r  t a b le .  In  m o s t  b o r e h o le s  h o w e v e r ,  b a r o m e t r i c a l ly - g e n e r a t e d  w a te r  le v e l  f lu c t u a t io n s
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Fig. 3 —  Electrical resistivity logs o f  the E lton  boreholes.
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a p p e a r  l o  o c c u r ,  p a r t ic u la r ly  d u r in g  th e  r i s in g  l im b  o f  th e  g r o u n d w a t e r  h y d r o g r a p h  w h e n  th e  
b a r o m e t r ic  e l l ' ic ie n c y  m a y  e x c e e d  0  0 5 .
T h e  r e g io n a l  h y d r o lo g ic a l  r e g im e  is  d e t e r m in e d  b y  th e  g e o l o g ic a l  s t r u c t u r e  ( F i g .  2 )  a n d  
in v o lv e s  r a in f a l l  r e c h a r g e  t o  th e  w a te r  t a b le  t h r o u g h o u t  a n  o u t c r o p  a r e a  d e v o id  o f  s u r fa c e  
d r a in a g e  w ith  s u b - s u r f a c e  f lo w  t o w a r d s  th e  lo w e r  ly in g  a r e a s ,  p r im a r ily  th e  H u ll  V a l le y .  In th e  
g r o u n d w a t e r  le v e l  c o n t o u r  d a t a  f o r  1 9 7 0  ( F i g .  4 ) ,  a n d  t h o s e  o f  a l l  a v a i l a b l e  p r e v io u s  y e a r s ,  th e  
h y d r a u l ic  g r a d ie n t  a t p e a k  le v e ls  w a s  c a s t n o r t h e a s t  t o w a r d s  th e  n a tu r a l  d i s c h a r g e  a r e a .  D u r in g  
th e  a n n u a l  r e c e s s io n  ( n o r m a l l y  in  J u ly  o r  A u g u s t )  t h e  g r a d ie n t  s w i n g s  a r o u n d  t o  th e  s o u t h e a s t  
a s  a  r e s u lt  o f  h e a v y  g r o u n d w a t e r  a b s t r a c t io n  in  th e  B c v e r l e y - H u l l  a r e a .  T h e  m o s t  e x t r e m e  
h y d r o lo g ic a l  c o n d i t i o n s  e x ; s e r ie n c e d  in  th e  la s t  d e c a d e  c o r r e s p o n d  t o  w a t e r  t a b le  le v e ls  o f  4 9  
a n d  4 3 2  m  O D  a t th e  E t t o n  s i t e ,  in  M a r c h  1 9 6 5  a n d  F e b r u a r y  1 9 6 6  r e s p e c t iv e ly .
7/»e Scope o f  the lin esii^otions
W it h in  a  r a d iu s  o f  4  k m  o f  th e  E t t o n  p r o d u c t io n  b o r e h o le s .  15 b o r e h o le s  w e r e  a v a i la b le  fo r  
w a t e r  l e s e l  m e a s u r e m e n t  ( F i g .  4 )  a n d  t h e s e  h a d  b e e n  m o n i t o r e d  m o n t h l y  s in c e  1 9 6 2 . T o  p r o m o t e  
r e s e a r c h  in t o  th e  h y d r a u l ic  r e s p o n s e  o f  th e  a q u i f e r ,  th r e e  n a r r o w - d ia m e t e r  o b s e r v a t io n  b o r e h o le s  
w e r e  d r i l le d  a n d  c o m p le t e d  t o  s im ila r  d e p t h  a t s h o r t  d i s t a n c e s  f r o m  t h e  n ew  la r g e - d ia m e t c r  
p r o d u c t io n  b o r e h o le  ( N o .  2  in  F ig .  4 ) .
T h is  e x c e p t i o n a l  n e t w o r k  w a s  u s e d  f o r  d a t a  c o l l e c t i o n  d u r in g  t h e  c o m p r e h e n s iv e  te s t  
p u m p i n g  o f  b o t h  p r o d u c t io n  b o r e h o le s  ( N o s .  I a n d  2 )  in  th e  a u t u m n  o f  1 9 7 0  u n d e r  n e a r  m in i ­
m u m  h y d r o lo g ic a l  c o n d i t i o n s  ( s i t e  r e s t  w a t e r  le v e l  o f  a b o u t  4- II  m  O D ) .  T h e  o b s e r v a t io n  
b o r e h o le  r e s p o n s e  t o  f o u r  p e r io d s  o f  c a r e f u l ly - r e g u la t e d  a b s t r a c t io n  o r  r e c o s c r y  in  o n e  o r  o t h e r  
o f  th e  p r o d u c t io n  b o r e h o le s  w a s  d e t e r m i n e d ,  u s i n g  s t e a d y  p u m p in g  r a te s  in  t h e  r a n g e  5 0  9 0  l . / s  
f o r  l i m e  in t e r v a ls  o f  u p  t o  9  d a y s .  A  c o m b in e d  y ie ld  te s t  a t a  r a te  o f  155  l . / s  w a s  t h e n  c a r r ie d  o u t  
o v e r  12 d a y s .  D u r in g  te s t  p u m p in g ,  g e o p h y s i c a l  f lo w  in v e s t ig a t i o n s  w e r e  s im u l t a n e o u s l y  u n d e r ­
t a k e n  u s in g  b o r e h o le s  N o s .  1 - 5  ( F i g .  4 ) ;  s o m e  p r e p a r a t o r y  w o r k  h a d  b e e n  d o n e  in  J u ly  1 9 7 0 .
It w a s  n e c e s s a r y  f o r  c o n t in u i t y  o f  w a t e r  s u p p ly  t o  c o n t in u e  a b s t r a c t io n  f r o m  th e  N o .  I 
b o r e h o le  t h r o u g h o u t  t h e  te s t  p r o g r a m m e  in  th e  a u t u m n  o f  1 9 7 0 . T h is  c o m p l i c a t io n  w a s  o v e r ­
c o m e  b y  a d o p t i n g  a  s t e a d y ,  m o d e r a t e  p u m p i n g  r a te  ( 6 0  l . / s )  14  d a y s  p r io r  t o  c o m m e n c e m e n t  a n d  
s u s t a in i n g  it th r o u g h  m o s t  o f  th e  p e r io d  o f  a q u i f e r  t e s t in g .  A l l  t h e  w a t e r  p u m p e d  w a s  p u t  in t o  
s u p p ly  a n d  t h e  c o n s id e r a b le  e x p e n s e  o f  p ip in g  th is  w a t e r  t o  a  h y d r o lo g ic a l ly - s a t i s f a c t o r y  d i s ­
c h a r g e  p o in t  w a s  t h u s  a v o id e d .
A  s e c o n d  p h a s e  o f  t e s t in g  w a s  c a r r ie d  o u t  w it h  a  h ig h e r  w a t e r  t a b le  ( +  18 m  O D )  in  A p r il  
1 9 7 1 ;  th is  w a s  m o r e  l im it e d  in  s c o p e  d u e  t o  o p e r a t i n g  c o n s id e r a t i o n s  a n d  r a p id ly  c h a n g in g  
g n m n d w a t e r  s t a g e .  It w a s  b a s e d  o n  th e  r e c o v e r y  f r o m  s t e a d y  p u m p in g  a t 9 0  l . / s  a n d  r e c o m m e n c e ­
m e n t  a t 1 2 0  l . / s  f r o m  th e  N o .  I b o r e h o le ,  u s in g  t h e  N o .  2  b o r e h o le  a s  a n  o b s e r v a t io n  w e l l .  -
A n a ly sis  o f  P u m p in g  T est RESULTS
P e r h a p s  th e  m o r e  im p ts r ta n t  f u n c t io n  o f  a  g o o d  h y d r o g e o lo g i c a l  p u m p i n g  te s t  is  th a t  o f  
p r o s i d i n g  e v i d e n c e  o n  t h e  g e n e r a l  h y d r a u l ic  r e s p o n s e  o f  th e  a q u i f e r ,  it s  c o n f in e m e n t  a n d  b o u n ­
d a r y  p a r a m e t e r s  r a th e r  t h a n  th a t  o f  o b t a in in g  a c c u r a t e  t r a n s m is s iv i t y  ( 7  ) \ a l u e s .  C e r t a in ly  th e  
f o r m e r  is  m o r e  c r i t i c a l  in  p r e d ic t in g  lo n g - t e r m  r e s p o n s e  t o  p u m p in g .  H e t e r o g e n e i t y  w a s  a  
p a r t ic u la r  q u e s t i o n  in  th e  c a s e  o f  th e  E a s t  "V o r k s h ir e  C h a lk ,  h e a r s a y  e \ i d e r c e  s u g g e s t e d  th a t  
g r o u n d w a t e r  f lo w  m ig h t  b e  la r g e ly  r e s t r ic t e d  w i t h in  a  few  r a n d o m  f is s u r e s .
}iy(lnvilic Responses in the Antnnin 1970 Pinnpina Test
T h e  n o n - s t e a d y  s t a t e  d r a w d o w n  a n d  r e c o v e r y  (s) in  t h e  o b s e r v a t io n  b o r e h o le s ,  f o l l o w i n g  th e  
o n s e t  o r  s h u t  d o w  n o f  a  c o n s t a n t  r a te  ( ( 7 )  o f  p u m p i n g  in  th e  te s t  b o r e h o le ,  s h o w  a  b a s ic  r e g u la r ity  
a n d  c o n s i s t e n c y  in  fo r m  ( e .g .  F ig .  5  A  a n d  B ), a f t e r  c o r r e c t i o n  f o r  v a r io u s  in t e r f e r in g  f a c t o r s .
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T h e s e  in c lu d e  th e  c o n t in u o u s l y - r e c e d i n g  g r o u n d w a t e r  s t a g e  ( f a l l in g  a t a  r a te  o f  a b o u t  0 0 3  m /d a y  Y 
a n d  th e  c l f e c t s  o f  p r e v io u s  p u m p in g  r e g im e s  b u t  b o t h  a r e  o n ly  s ig n if ic a n t  f o r / > 2 5 ( X )  m in  o r  s o  
( F i g .  5  A  a n d  H). In F ig .  6 .  c o m p a r a b le  d a t a  f o r  s a n d  t h a v e  b e e n  p lo t t e d  in  a  u n i f ie d  fo r m  t o
Time atlor pumping started t(mins)
10 100 1000 10000
‘straighl-lintaxtrapoletion
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manual
radial distance of observation borehole from test borehole
pumping at steady rate of 601/s
A! Non-Equlllbrtum Data for Drawdown Phaaa/ O.'501/s
C: Pumping Rala/Obatrvatlon
BoraHol» Drawdown R«lat)on»hlp«
Pumping Rate in Test Borehole 
Og (I/a)
too
cor faction for 
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1 2  3 4 5
Observation Borehole Drawdown s(metres)
B: Non Equilibrium Data lor 
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10000
t ig. 5 —  O bservation  borehole data  from  the au tum n  1970 pum ping test.
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a l l o w  d ir e c t  c o m p a r i s o n  o f  th e  d ilV er in g  a q u i f e r  r e s p o n s e s  a t in d iv id u a l  o b s e r v a t io n  b o r e h o le s  
in  th e  s a m e  t e s t ,  a n d  fo r  th e  e n t ir e  g r o u p  o f  o b s e r v a t io n  b o r e h o le s  in  t e \ t s  a t d ilV eren i t im e s .
I k 'fo r e  p r o c e e d in g  w it h  a n y  a n a ly s i s  it is  n e c e s s a r y  t o  c o n s id e r  th e  r e la t io n s h i p  b e t w e e n  
Q a n d  .v f o r  th e  in n e r  o b s e r v a t io n  b o r e h o le s .  T h is  is  s t r ic t ly  l in e a r  in  a ll c a s e s  (F ig . 5 C ) ,  c o n ­
f ir m in g  la m in a r  H o w  a t th e  c o r r e s p o n d in g  d i s t a n c e s  f r o m  th e  p o in t  o f  a b s t r a c t io n  u n d e r  t h e  
h \ d  ra il l ie  g r a d ie n t s  a s s o c ia t e d  w it h  p u m p i n g  r a te s  o f  u p  t o  9 0  l . / s ;  a n  im p o r t a n t  p o in t  s in c e  it 
e s t a b l i s h e s  th a t  c o n v e n t io n a l  g r o u n d w a t e r  h y d r a u l ic s  a n d  p u m p in g  te s t  a n a ly s i s  m a y  b e  a p p l ie d .  
T h is  is  n o t  a lw a y s  t h e  c a s e  in  th e  C h a l k ;  n o n - l a m in a r  f lo w  c o n d i t i o n s  h a v e  b e e n  r e p o r te d  u p  t o  
2W ) m  f r o m  a  w e ll  in  H e r t f o r d s h ir e  w h e n  p u m p i n g  w a s  a t 1 2 0  l . / s  ( I n c s o n .  1 9 5 7 ) .
N o  m a j o r  la t e r a l  h y d r a u l ic  b o u n d a r i e s  a p p e a r  t o  b e  p r e s e n t  in  t h e  c o n e  o f  p u m p in g  d e p r e s ­
s i o n .  T h e  g e n e r a l  s im i la r i t y  In th e  m a g n i t u d e  a n d  r a te  o f  d r a w d o w n  in  b o r e h o le s  N o s .  4  a n d  5 
(F ig . 5 A  a n d  H) is  s u c h  a s  t o  s u g g e s t  n o  s t r o n g  la t e r a l  a n i s o t r o p y  in  h y d r a u l ic  p r o p e r t i e s ,  r e la te d  
t o  j o i n t i n g  a n d / o r  th e  d ir e c t io n  o f  d r y  v a l l e y s ;  th e  r e a s o n  fo r  th e  d i f f e r in g  in it ia l  r e s p o n s e  in  t h e s e  
b o r e h o le s  is  n o t  u n d e r s t o o d  h o w e v e r .  T h e  in t e r f e r e n c e  e f f e c t s  in  t h e  d is t a n t  o b s e r v a t io n  b o r e h o le s  
( e .g .  I ig .  7 ) ,  r e s u lt in g  f r o m  t h e  v a r i o u s  r e g im e s  o f  t e s t  p u m p i n g ,  c o n f ir m  th e  c o n s id e r a b le  o v e r a l l  
u n i f o r m i t y  o f  th e  a q u i f e r  in  a  la te r a l  s e n s e .
N o  o b s e r v a t io n  b o r e h o le  e q u i l ib r iu m  w a s  a c h ie v e d  d u r in g  t e s t in g ,  e v e n  a t a  p u m p in g  r a te  o f  
5 0  l . / s ,  b u t  a f t e r  l o n g  p e r io d s  o f  t im e  t h e r e  w e r e  s ig n s  o f  a  fa l l  o f f  in  th e  r a te  o f  d e p le t i o n  o f  
s t o r a g e ,  r e f l e c t in g  t h e  in c r e a s in g  in t e r c e p t io n  o f  a q u i f e r  t h r o u g h f l o w .  S u c h  c l f e c t s  t e n d  t o  b e  
m a s k e d  b y  t h e  c o r r e c t i o n s  a p p l ie d  t o  t h e  la t e  t im e  d a t a .
1 h e  r e s p o n s e  o f  b o r e h o le  N o .  1, p u m p i n g  a t a  s t e a d y  r a te  w it h  n e a r  e q u i l ib r iu m  w a t e r  le v e l ,  
t o  th e  te s t  p u m p i n g  r e g im e  in  b o r e h o le  N o .  2  w a s  a n o m a l o u s ;  th e  r a te  o f  d i a w  d o w n  b e in g  s o m e ­
w h a t  g r e a te r  a n d  th e  m a g n i t u d e  o f  d r a w d o w n  c o n s id e r a b ly  g r e a te r  t h a n  w o u l d  b e  e x p e c te d  b y  
c o m p a r i s o n  w it h  th e  r e s u lt s  f r o m  b o r e h o le s  N o s .  4  a n d  5 ( F i g .  5 A ) .  T h is  c a n  b e  e x p la i n e d  b y  
d e c r e a s e d  c n ic i c n c y  in  t h e  b o r e h o le  i t s e l f ,  a s s o c ia t e d  w it h  th e  fu r th e r  r e d u c t io n  in  s a t u r a t e d  
t h ic k n e s s .  ,
Aquifer h o /n riies  at Low li'aicr^Tahle
A p p l i c a t io n  o f  th e  e s t a b l i s h e d  m e t h o d s  o f  n o n - s t e a d y  s t a t e  p u m p i n g  te s t  a n a ly s i s  ( T h e is ,  
1 9 3 5 ;  B o u l t o n ,  1 9 6 3 ;  P r ic k e t t ,  1 9 6 5 )  o n  th e  la t e  t im e  d a t a  g iv e  a  c o n s i s t e n t  7 v a lu e  o f  1 0 0 0  
±  3dO n r / d a y .  T h e  e a r ly  t im e  d a t a  f o r  a l l  th e  in n e r  o b s e r v a t io n  b o r e h o le s ,  p a r t ic u la r ly  N o .  3 
( F i g s .  5 A ,  B  a n d  6 ) .  a p p e a r  t o  s h o w  t h e  c h a r a c te r i s t i c  r e la t io n s h i p  b e t w e e n  in s t a n t a n e o u s  r e le a s e  
f r o m  p r e s s u r e  s t o r a g e  a n d  d e la y e d  y ie ld  b y  g r a v i t y  d r a in a g e  ( B o u l t o n ,  I 9 ( )3 ) , b u t  th is  c o u ld  
r e s u lt  f r o m  o t h e r  c o m b i n a t i o n s  o f  h y d r a u l ic  p r o t> c r tie s  ( S t a l lm a n .  1 9 (i5 ).
T h e  a n a ly s i s  f o r  s t o r a g e  c o c f l l c i e n t  is  s o m e w h a t  m o r e  s u b j e c t iv e  b u t  a  v a lu e  o f  th e  o r d e r  o f  
0  (K)5 a p p e a r s  t o  b e  I n d ic a te d  w it h  a  B o u l t o n  d e la y  in d e x  o f  le s s  t h a n  IIX) m in .  T h e  fo r m e r  
p r o b a b ly  r e p r e s e n t s  th e  s p e c i f i c  y ie ld  (6^,) f o r  th e  C h a lk  in  th is  a r e a  a t lo w  w a t e r  t a b le ,  b u t  it 
is  p o s s ib l e  th a t  a s u b s e q u e n t  lo n g e r  d e la y e d  y ie ld  c o n t r i b u t io n  f i o m  m ic r o j o in t s  o r  p o r e s  m ig h t  
b e  p r e s e n t  o r  th a t  d r a in a g e  is  r e ta r d e d  b y  lo w  v e r t ic a l  p e r m e a b i l i t y .  T h e  p u m p in g  te s t  v a lu e s  o f  
Sf r e la t e  t o  le v e ls  in  th e  r o c k  m a s s  w h ic h  w ill  h a v e  b e e n  d r a in e d  a n d  r c sa  tu  r a te d  m a n y  t im e s  
d u r in g  p r e v io u s  p u m p in g  f r o m  t h e  N o .  I b o r e h o le  in  i t s  p r o d u c t io n  r e g im e .
/'raiistuixsirity o j the /.one o f  Seasonal FInelnation
S u b s e q u e n t  te s t  p u m p i n g  in  th e  s p r in g  o f  1 9 7 1 , w it h  a  h ig h e r  t h o u g h  n o t  m a x im u m  le v e l  
o f  s a t u r a t io n ,  a l s o  g a v e  r e s u lt s  c a p a b le  o f  c o n s i s t e n t  in t e r p r e t a t io n  ( F i g .  6 ) .  R e c h a r g e  I 'f  th e  
w a t e r  t a b le  a n d  a  r a p id ly  c h a n g in g  g r o u n d w a t e r  s t a g e  h o w e v e r ,  p r e s e n t e d  s o m e  c o m p l i c a t i o n s  
in  t h e  a n a ly s i s .  V a lu e s  f o r  T  o f  2 2 0 0 ±  5 0 0  m ' / d a y  a r e  d e f in i t e ly  in d ic a t e d .  A n  e x t r e m e ly  h ig h  
v a lu e  o f  h o r i z o n t a l  p e r m e a b i l i t y  {Kf) f o r  t h e  z o n e  o f  s e a s o n a l  w a t e r  t a b le  f lu c t u a t io n  is  th u s  
s u g g e s t e d  ; t h e  s a t u r a t io n  o f  t h e  b a s a l  7 m  o f  th is  z o n e  d o u b l in g  th e  e f f e c t iv e  7". E v e n  h ig h e r  T 
v a lu e s  a r e  t o  b e  e x p e c t e d  f o r  a  h ig h e r  w a t e r  t a b le ,  b u t  th e  in c r e a s e s  w o u l d  p r o b a b ly  n o t  b e  o f  
s im ila r  p r o p o r t io n .
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A: QrouiHtwster Flow Regime In the Etton Production Borehole*
Grounçlwaicr Electrical Conductivity (microsiemens)
350 400 450 500 550 INoTirN^ 350 400 450 500 550
RWL
Borehole no 1July 1970
Oi« 1101/*
y  P W L35 I/s
_  OO
401/s
BO I/S
451/s
1 10  Us
501/s
acMl-Ircaimcnl icsiduni
Borehole no 2October 1970Oi- 50 I/*(0,= 60 I/»)
principle zones o( groundwater entry into borehole 
Onajor flows at restricted points)
approximate vertical flow rate in borehole
pump suction with discharge rale
acid-trealmeni residual lowered by pumping
L- -15
-25
B; Change* In Groundwater Temperature Profiles during Autumn 1970 Pumping Test 
Groundwater Temperature (*C)
8  5 9 0 9 5 10 0 10 5 11 0 8 5 90 9.5 to 0 105 110
Pumping Regime 
Ot* 501/s (under test) 
O,* 60 Us (steady)
10
- ODOD .
8
E
___ I -10
a
£ -20
!
-30-
-20
( I  * 1 6 0 0 )
-30
•4040 lime of pumping of no 2 borehole in mins
Fig. 8 —  Selected results o f  geophysical borehole How investigations.
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Cteophysica! Jm'i'siipaiion oJ liorcholi' hlou'
In  l i s s u r c -H o w  a q u i f e r s  it is  n o t  s u d ic ie n t  l o  k n o w  o n ly  th e  in a g n i t iu l c  o f l i s s u r c  T\ th e  th r e e -  
t i i n i c n s i o n a l  d i s t r ib u t io n  o f  p e r m e a b i l i t y  w h ic h  it r e p r e s e n t s  is  a l s o  r e q u ir e d . T h e  le v e l  a n d  
t h ic k n e s s  o f  m a in  fv erm e a b ih T y  d e v e l o p m e n t  is  m o r e  I m p o r ta n t  th a n  t h e  o v e r a l l  s a t u r a t e d  t h i c k ­
n e s s ,  s in c e  it d ir e c t ly  r e la t e s  t o  th e  h e a d s  th a t  c a n  b e  u t i l i z e d  in  g r o u n d w a t e r  a b s t r a c t io n  a n d  
t h e r e f o r e  th e  b e h a v io u r  o f  in d iv id u a l  b o r e h o le s .  G e o p h y s i c a l  H o w  in s e s t i g a t i o n s  ( T a t e  et a/., 
1 9 7 0 )  a im e d  a t  d e t e r m i n in g  th is  d is t r ib u t io n  w e r e  c a r r ie d  o u t  in  J u ly  1 9 7 0  a n d  d u r in g  th e  m a in  
p u m p i n g  te s t  in  t h e  a u t u m n  o f  1 9 7 0 .
D i l l e r e n t i a l  e l e c t r i c a l  c o n d u c t iv i t y  ( F i g .  8 A )  a n d  t e m p e r a t u r e  l o g g i n g  s h o w e d  th e  le v e ls  
o f  g r o u n d w a t e r  e n tr y  in t o  th e  E t t o n  p u m p in g  b o r e h o le s  t o  b e  r e s t r ic t e d . A p p r o x i m a t e  v e r t ic a l  
- f lo w  r a t e s  in  th e  b o r e h o le s  w e r e  e s t im a t e d  f r o m  im p e l le r  f lo w  m e t e r  a n d  t r a c e r  in j e c t io n  d e t e c t i o n  
t e c h n iq u e s  ( F i g .  8  A ) ,  T h e s e  r e s u lt s  m u s t  b e  t r e a te d  w it h  s o m e  r e s e r v a t io n  in  r e s p e c t  o f  a b s o l u t e  
a c c u r a c y  b e c a u s e  o f  t h e  v a r ia b le  c r o s s - s e c t io n a l  a r e a  o f  th e  b o r e h o le s  t o g e t h e r  w ith  t h e  e x i s t e n c e  
o f  e d d ie s  a r o u n d  c e r t a in  p la n t  a n d  o p p o s i t e  s o m e  le v e ls  o f  e n t r y .
in  O c t o b e r  19 7 0  a t  n e a r  m in im u m  w a te r  le v e ls ,  th e  b u lk  o f  th e  w a t e r  p u m p e d  f r o m  th e  N o .  2  
b o r e h o le  w a s  d e r iv e d  f r o m  a  7 - m - t h ic k  z o n e  w h o s e  b a s e  w a s  lo c a t e d  a t a b o u t  -  2 2  m  O D  ( F ig .  B A ) .  
I n v e s t i g a t io n s  in  th e  N o .  I b o r e h o le  in  J u ly  1 9 7 0  w it h  a  s o m e w h a t  h ig h e r  w a t e r  t a b le ,  h a d  g iv e n  
s im ila r  r e s u lt s  b u t  w it h  t h e  b a s e  o f  th e  c o r r e s p o n d in g  z o n e  o f  p e r m e a b i l i t y  d e v e l o p m e n t  a t  
a b o u t  — 17 m  O D  a n d  m o r e  t h a n  3 0  p e r  c e n t  o f  t h e  t o t a l  d i s c h a r g e  b e in g  d e r iv e d  n e a r  o r  a b o v e  
th e  p u m p in g  w a t e r - le v e l  ( F i g .  B A ) .  T h e  e x i s t e n c e  o f  m a r k e d  c h lo r id e  r e s id u a ls  in  b o t h  b o r e h o le s  
( t h e  p r o d u c t s  o f  e a r l ie r  a c id  t r e a t m e n t )  s u g g e s t  m in im a l  g r o u n d w a t e r  m o v e m e n t  f r o m  a b o u t  
- 2 9  m  O D  t o  th e  b a s e  o f  th e  I v o r e h o lc s  a n d  p r o b a b ly  b e lo w  t h is  le v e l .
S e q u e n c e s  o f  t e m p e r a t u r e  lo g s  a t th e  s ta r t  o f  t e s t  p u m p in g  f r o m  N o .  2  b o r e h o le  s h o w e d  a 
s y s t e m a t ic  r e s p o n s e  w ith  c o o l i n g  o f  t h e  g r o u n d w a t e r  in  a l l  o f  th e  o t h e r  b o r e h o le s  a t  t h e  E t t o n  
s i t e  ( F i g .  8 1 3 ):  c o m p e l l in g  e v i d e n c e  o f  t h e ir  h y d r a u l ic  in t e r c o m m u n i c a t io n .  O n e  s ig n if ic a n t  
a n o m a ly  a r i s e s  h o w e v e r .  T h e  tc m |v e r a (u r c  lo g s  fo r  b o r e h o le  N o .  5 . s i t e d  o n  t h e  in t e r f lu v e  o f  th e  
m in o r  d r y  v a l l e y  a t th e  s i t e ,  s h o w  m o r e  p o s i t iv e  t e m p e r a t u r e  g r a d ie n t  a n d  s m a l le r  r e s p o n s e  th a n  
t h e  o t h e r  b o r e h o le s .  T h e  m o s t  r e a s o n a b le  in t e r p r e t a t io n  is  th a t  le s s  g r o u n d w a t e r  m o v e m e n t  
cK'Curs in  t h i s  d ir e c t io n ,  t h o u g h  th is  is  n o t  c o m p a t ib l e  w ith  t h e  o b s e r v a t io n  b o r e h o le  d r a w d o w n  
d a t a .  S o m e  a n o m a l i e s  m a y  a l s o  b e  a s c r ib e d  t o  th e  fa c t  th a t  th e  o b s e r v a t io n  b o r e h o le s  ( N o s .  3 ,  
4  a n d  5 )  w e r e  c o n s t r u c t e d  o n ly  s h o r t ly  b e f o r e  th e  a u t u m n  1 9 7 0  p u m p in g  t e s t .
Nature o f  C h a l k  P e r m e a u i l i ty  a n o  S t o r a o e
In  o r d e r  t o  e x t e n d  t h e  in t e r p r e t a t io n  o f  C h a lk  p e r m e a b i l i t y  a n d  s t o r a g e  it  i s  o f  r e le v a n c e  t o  
c o n s id e r  th e  h y d r a u l ic  p r o p e r t i e s  o f  id e a l iz e d  f is s u r e  s y s t e m s .
Permeohiliiy o f  lileolizeii Fissured Medio
T h e  t h e o r e t i c a l  h y d r a u l ic s  o f  f lu id  f lo w  in  f r a c tu r e d  m e d ia  (S e r a f im  a n d  d e l  C a m p o ,  1 9 6 5 ;  
S n o w ,  1 9 6 9 )  d e v e l o p  f r o m  c la s s ic a l  N a v ic r - S t o k c s  a n d  H e lc - S h a w  p a r a l l c l - p la t e  h y d r a u l ic s ,  
in  w h ic h  t h e  v e l o c i t y  d i s t r ib u t io n  ( r ) ,  fo r  la m in a r  s t e a d y - s t a t e  f lo w  o f  a  v i s c o u s  in c o m p r e s s ib le  
f lu id  in  a n  id e a l iz e d  s e m i- in f in i t e  s m o o t h  p a r a l l e l - w a l l e d  o p e n in g  o f  a p e r t u r e  6 ,  is  s h o w n  t o  b e  
p a r a b o l ic :
r  =    ( 1 )
2 / t  d .v
w h e r e  d p /d .v  is  t h e  p r e s s u r e  g r a d ie n t  in  th e  p la n e  o f  t h e  o p e n in g  a n d  / /  is  th e  d y n a m i c  v i s c o s i t y  o f  
t h e  f lu id .  N o w  Cmax o c c u r s  w h e n  z -  b fl  a n d  th e  m e a n  v e l o c i t y  ( F )  is  2 r „ ,a v /3  th u s
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(2
Prt>m  u h c n c c  I he d is c h a r g e  ( ( ) )  f r o m  a p a r a lle l  s e r ie s  o f  s u c h  f is s u r e s  o v e r  a  w id t h  II  ^ in  th e  
d ir e c t io n  o f  t h e  p la n e  o f  o p e n in g  a n d  p e r p e n d ic u la r  to  th a t  o f  th e  f lo w  (.v) is  g iv e n  b y
y (Ity =  IP - I V  =  —  / , l l '
12// '  U u
(3
w h e r e  y a n d  u a r e  th e  s p e c i f i c  w e ig h t  a n d  k in e m a t ic  v i s c o s i t y  o f  th e  f lu id  r e s p e c t iv e ly  a n d  /  
th e  h y d r a u l ic  g r a d ie n t  o r  c o m p o n e n t  o f  t h e  h y d r a u l ic  g r a d ie n t  in  th e  p la n e  o f  th e  o p e n i n g .  F r o n  
( 3 )  it c a n  b e  s e e n  th a t  th e  e q u iv a le n t  t r a n s m is s iv i t y  (T^) o f  s u c h  a  s y s t e m  is
r ,  =  • I h ^  =  54 Z b ^  m -/day
I2u
( 4 )
t a k in g  u =  1 3  x  1 0 '* *  m ^ /s  f o r  g r o u n d w a t e r  a t  IO C  a n d  w it h  b in  m il l im e t r e s .
T h e  im p o r t a n c e  a s s u m e d  b y  r e la t iv e ly  m in o r  c h a n g e s  in  h, d u e  t o  s o l u t i o n  o r  v a r ia t io n s  ir  
f lu id  p r e s s u r e  f o r  e x a m p le ,  s h o u l d  b e  n o t e d .  J u s t  o n e  f is s u r e  o f  5 m m  c iT c c t iv e  o p e n in g  in  th e  
p la n e  o f  t h e  h y d r a u l ic  g r a d ie n t  w o u ld  c o n t r i b u t e  o v e r  6 0 0 0  m ^ /d a y  t o  th e  T o f  a n  a q u i f e r ;  
g iv i n g  a n  id e a  o f  th e  o r d e r  o f  h e t e r o g e n e i t y  a n d  a n i s o t r o p y  th a t  it s  p r e s e n c e  w o u l d  in t r o d u c e .  
In  t h is  c o n t e x t  th e  r e la t i s e ly  i s o t r o p ic  r a d ia l  r e s p o n s e  o f  t h e  C h a lk  a t E t t o n  a c c o m p a n ie d  b; 
i t s  h ig h  T. p r o b a b ly  in d ic a t e  th a t  d e v e l o p m e n t  o f  s o lu t io n  p e r m e a b i l i t y  is  c o n c e n t r a t e d  a lo n g  
h o r iz o n t a l  d i s c o n t in u i t i e s .  In  th e  p r e s e n c e  o f  a  h ig h  d e n s i t y  o f  m u l t i - d ir e c t io n a l  in c l in e d  j o in t in g ,  
t h is  e x p la n a t io n  is  n o t  u n iq u e .
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Fig. V Perm eability and storage o f  a rock mass with a single parallel system  o f  idealized fissure.s. 
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ir  w i t h in  a  l im it e d  t i t i c k n e s s  ( / / / . ) ,  a  r o c k  m a s s  h a s  a  s e r ie s  o f  e q u a l ,  p a r a lle l  f is s u r e s  w ith  
u n i f o r m  s e p a r a t io n  ( 1 , / / )  th e n  ( 3 )  c a n  b e  w r it t e n
. Q ^ I L Ü .Î L . I
12 u '  "
T h e  e q u iv a le n t  p e r m e a b i l i t y  (A'^) o f  t h e  s y s t e m  is  g iv e n  b y
— =  54/)•'/! m /day =  0 063 n cm/s (5)
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e x p r e s s in g  h in  m i l l im e t r e s  a n d  l / / i  in  m e t r e s .  F o r  s u c h  id e a l iz e d  m e d ia ,  a  f a m ily  o f  c u r v e s  
r e la t in g  A ^ , b a n d  // c a n  b e  c o n s t r u c t e d  ( F i g .  9 ) .
T h e  id e a l iz e d  t is s u r e  w i l l ,  in  a lm o s t  a ll  c a s e s ,  b e  d e p a r t e d  f r o m  in  p r a c t ic e  in  r e s p e c t  o f  
p la n a r it y  ( b e c a u s e  o f  b r id in g  a n d  c o n s t r i c t i o n )  a n d  w a l l  r o u g h n e s s ,  p r o d u c in g  t o r t u o s i t y  in  t h e  
H ow  p a t h .  T h e  d e p a r t u r e s  m a y  n o t  b e  s o  g r o s s  in  th e  c a s e  o f  b e d d i n g - p l a n e  d i s c o n t in u i t i e s  in  
C h a lk  a s  in  s o m e  o t h e r  f o r m a t io n s .  It h a s  b e e n  s h o w n  in  la b o r a t o r y  t e s t s  o n  ir r e g u la r  r o u g h ­
fa c e d  t e n s io n  j o i n t s  in  a n  ig n e o u s  r o c k  w it h  o p e n in g s  o f  0 - 2 - 1  *5 m m , th a t  t h e  e x p o n e n t  o f  b  in  
e q u a t io n  ( 3 )  w a s  r e d u c e d  t o  2  o r  le s s ,  e v e n  f o r  l a m in a r  f lo w  ( S h a r p  a n d  M a in i ,  1 9 7 2 ) .
I m p l ic i t  in  t h e  d e v e l o p m e n t  o f  th e  a b o v e  e q u a t io n s  is  t h e  a s s u m p t io n  o f  la m in a r  f lo w .  T h e  
t h e o r e t i c a l  v a l i d i t y  o f  th is  a s s u m p t io n  c a n  b e  e x a m i n e d  b y  c o n s id e r a t i o n  o f  R e y n o ld s  n u m b e r  
c r i t e r ia .  F o r  th e  id e a l iz e d  p a r a l l e l - p la t e  m o d e l  =  I 'b /u ;  s u b s t i t u t in g  f r o m  ( 2 )  a n d  t a k in g  th e  
l o w e r  c r i t i c a l  v a lu e  a s  1 0 0 0 , it c a n  l-*e s h o w n  th a t  th e  c r i t ic a l  h y d r a u l ic  g r a d ie n t  b e lo w  w h ic h  
la m in a r  f lo w  is  in h e r e n t ly  s t a b le  is  a b o u t  2 /b ^  (h in  m il l im e t r e s ) .  N o n - p la n a r i t y ,  f a c e  r o u g h n e s s  
a n d  t o r t u o s i t y  o f  f lo w  p a th  h a v e  a  m a j o r  elV ect o n  th e  o n s e t  o f  t u r b u le n c e  h o w e v e r  ( S h a r p  a n d  
M a in i ,  1 9 7 2 ) , a n d  m a y  r e d u c e  th e  lo w e r  c r i t i c a l  a n d  h y d r a u l ic  g r a d ie n t  b y  e v e n  t w o  o r d e r s  o r  
m o r e .  It w o u l d  s t i l l  b e  u n l ik e ly  f o r  n o n - l a m in a r  f lo w  t o  d e v e l o p  in  A ss u r e s  w it h  a n  c iV e c iiv c  h o f  
le s s  t h a n  2 - 3  m m  u n d e r  m o s t  n a t u r a l  g r o u n d w a t e r  f lo w  c o n d i t i o n s ,  b u t  th e  p o s s ib i l i t y  o f  t u r b u ­
le n c e  d e s e r v e s  c a r e f u l  c o n s id e r a t i o n  in  th e  s i t in g  o f  o b s e r v a t io n  b o r e h o le s  f o r  te s t  p u m p i n g  in  
l i s s u r e - f l o w  f o r m a t io n s  a n d  in  t h e ir  in t e r p r e t a t io n .
Fissure Storage
O f  e q u a l  in t e r e s t  t o  p e r m e a b i l i t y  is  t h e  t h e o r e t i c a l  s t o r a g e  c a p a c i t y  o f  f is s u r e d  m e d ia .  
T h e  s p e c i f i c  y ie ld  (.Vj.) o f  t h e  id e a l iz e d  f is s u r e  s y s t e m  u s e d  in  th e  d e v e l o p m e n t  o f  e q u a t io n  ( 5 )  is  
s im p ly  th e  p r o d u c t  bu a n d  a  s e r ie s  o f  c u r v e s  r e la t in g  .S^, h a n d  u h a v e  Ivecn in c lu d e d  in  F ig .  9 .  
F o r  t h is  p u r |H > se it h a s  b e e n  a s s u m e d  th a t  th e  e lV e c t iv e  o jK -n in g  (A ) is  e q u a l  t o  th e  m e a n  o j i c n i n g  
a n d  t h a t  p r e s s u r e  s t o r a g e  a n d  s u r f a c e  r e t e n t io n  a r e  b o t h  n e g l ig ib le .
hucrprctiUion o f  liyiira ilic Properties o f  the Chalk
It is  n o w  p o s s ib l e  t o  c o n s id e r  f u r t h e r  th e  h y d r a u l ic  p r o p e r t i e s  o f  t h e  lo w e r  p a r t  o f  t h e  z o n e  o f  
s e a s o n a l  w a t e r  t a b le  f lu c t u a t io n  a t  E t t o n ;  T  =  I2DÜ n r / d a y  f o r  / «  =  7 m . A^ .^ =  17Ü m , d a y ,  
Sr =  0  0 0 5 - 0  0 1 0 .  I n t e r p o la t in g  in  F ig .  9 ,  it w o u l d  a p p e a r  th a t  s u c h  a  c o m b i n a t i o n  o f  p r o p e r t i e s  
c o u l d  b e  g e n e r a te d  b y  a s in g le  s e t  o f  f i s s u r e s  o f  h ig h  d e n s i t y  ( «  a b o u t  10  |-*er m e t r e )  w it h  e lV e c tiv c  
o p e n in g s  o f  0  5 - 1 0  m m . It is  m o r e  p r o b a b le  h o w e v e r  th a t  a  m u c h  s m a l le r  n u m ls e r  o f  h o r i z o n t a l  
m a s t e r  c o n d u i t s  ( ( v r h a p s  f o u r  o r  f iv e  in  t o t a l )  o f  g r e a te r  o p e n in g  ( s a y  2  m m )  c o n t r i b u t e  th e  b u lk  
o f  th e  p e r m e a b i l i t y  d e v e l o p m e n t ,  a l t h o u g h  t h e s e  w o u l d  b e  u n l ik e ly  t o  c o n t r i b u t e  a l l  o f  th e  .V, 
a l s o .
T h e  b u lk  o f  t h e  p a r t ic le s  in  th e  fa b r ic  o f  th e  C h a lk  a r e  o f  th e  o r d e r  o f  I /< m  d ia m e t e r  ( H a n ­
c o c k  a n d  K e n n e d y ,  1 9 6 7 ) ;  m o s t  o f  t h e  p o r e  d ia m e t e r s  a r e  e v e n  s m a l le r  a n d  u n l ik e ly  t o  d r a in  
u n d e r  s u c t io n s  o f  le s s  t h a n  3 a t m o s p h e r e s .  T h is  f a c t o r ,  c o n f ir m e d  b y  th e  r e s u lt s  o f  c e n t r i f u g e  
s p e c i f i c  y ie ld  t e s t s  o n  c o r e  s a m p l e s  f r o m  t h e  E a s t  Y o r k s h ir e  C h a lk  ( m e a n  CA',. =  0 - 0 0 2  w ith
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m a x im u m  v a lu e s  o f  a r o u n d  0  0 0 5 ) ,  s u g g e s t s  th a t  p o r c - w a t e r  d r a in a g e  u n d e r  g r a v i t y  w il l  b e  o f  
o n ly  m in o r  s ig n i f ic a n c e ,  t l ie  g r e a te s t  p a r t  o f  th e  s a t u r a t e d  p o r o s i t y  ( 0 - 1 4 - 0 - 2 0 )  c o n s t i t u t i n g  
p h y s i c a l ly  in e r t  s t o r a g e .  It m u s t  b e  s u s p e c t e d  t h e r e f o r e  th a t  a d d i t io n a l  g r a v i t y  s t o r a g e  is  p r e s e n t  
in  a h ig h  d e n s i t y  s y s t e m  o f  in c l in e d  m ic r o j o in t s .
T h e r e  a r e  f e w  d e s c r i p t i o n s  o f  th e  s t a t e  o f  t h e  d i s c o n t in u i t i e s  in  th e  C h a lk  a t  d e p t h .  A t  a  s i t e  
in  N o r f o lk  ( W a r d  et tiL, 1 9 6 8 ) ,  h o r i z o n t a l  ' s e p a r a t i o n  p la n e s ’ o p e n  in  p la c e s  t o  a s  m u c h  a s  
10  m m  w e r e  d e s c r ib e d  j u s t  a b o v e  t h e  w a t e r  t a b le  d u r in g  t h e  d ir e c t  in s p e c t io n  o f  t h e  w a l l s  o f  
l a r g e - d ia m e t e r  b o r e h o le s .  A t  th e  s a m e  s i t e  it w a s  o b s e r v e d  ( R . W .  G a l lo i s ,  p e r s o n a l  c o m m u n i c a ­
t io n )  th a t  d e e p e r  t h a n  a  m a x im u m  o f  a b o u t  14 m  b g l m o s t  o f  th e  d is c e r n ib le  in c l in e d  j o i n t s  w e r e  
c l o s e d  t ig h t :  th e  fa r  g r e a te r  d e n s i t y  o f  in c l in e d  j o i n t s  in  t h e  c o r e  f r o m  a n  a d j a c e n t  b o r e h o le  
s u g g e s t s  th a t  in sitn m a n y  m u s t  h e  m ic r o s c o p ic ,  p e r h a p s  le s s  t h a n  0  2 m m  a p e r t u r e .
Implications
It is  n o t  a  p r im a r y  a im  o f  th is  p a p e r  t o  d r a w  i m p l i c a t io n s  f r o m  th e  h y d r a u l ic  b e h a v io u r  
o f  th e  C h a l k .  In  t h e  c o n t e x t  o f  g r o u n d w a t e r  s t o r a g e  d e v e l o p m e n t  a n d  m a n a g e m e n t  t h e y  h a v e  
li e c n  f u l ly  d is c u s s e d  e ls e w  h e r e  ( F o s t e r  a n d  M i l t o n ,  in  p r e s s ) .  S o m e  o f  t h e  m o r e  im p o r t a n t  p o in t s  
a r c  w o r t h y  o f  m e n t io n  h e r e .
A  h ig h - / / l o w - .V ^  w a t e r  t a b le  a q it i f e r  s u c h  a s  t h is ,  w il l  h a v e  a  m u c h  m o r e  r a p id  h y d r a u l ic  
r e s p o n s e  t h a n  t h a t  o f  m o s t  u n c o n f i n e d  s y s t e m s .  A c t u a l  g r o u n d w a t e r  f lo w  r a t e s  vvill b e  r e la t iv e ly  
fa s t ,  t h o u g h  le s s  fa s t  t h a n  fo r  k a r s t  s y s t e m s ,  l i v e n  u n d e r  n a tu r a l  h y d r a u l ic  g r a d ie n t s  t h e y  c o u ld  
r e a c h  2 0 0  m / d a y :  a  s ig n if ic a n t  f a c t o r  in  th e  s p r e a d  o f  p o l lu t i / m .  s h o u l d  p < v llu ta n ts  r e a c h  th e  
w a t e r  t a b le .  I l i g h  H o w  r a te s  w e r e  c o n f ir m e d  b y  t h e  m o v e m e n t  o f  th e  p r o d u c t s  o f  a c id  t r e a t m e n t  
I r o m  th e  N o .  2  t o  th e  N o .  I b o r e h o le  a t 1 i t o n ,  a  d i s t a n c e  o f  3 5 0  m . T h e  fir st  a r r iv a l ,  p e a k  a n d  
m e a n  t r a v e l  t im e s  w e r e  m e a s u r e d  a t a b o u t  6 ,  15 a n d  2 7  h  r e s |x v t i v c l y  fo r  a  p u m p i n g  r a t e  o f  
3 0  l . / s  a n d  o v e r a l l  h y d r a u l ic  g r a i l j e n l  o f  a b o u t  1 /1 5 0 .
I h e  la r g e  s e a s o n a l  v a r ia t io n  in  /  h a s  a  n u m l 'c r  o f  im |> l i c a t io n s :  p u m p i n g  in t c r f c n c i v c e i r c c t s  
vvill s h o w  m a j o r  s e a s o n a l  v a r ia t io n  a n d  t h e  n a tu r a l  a q u i f e r  t h r o u g h f l o w  w i l l  v a r y  in  m u c h  g r e a t e r  
p r o p o r t io n  t h a n  t h e  a s s o c ia t e d  h y d r a u l ic  g r a d ie n t .  T h e r e  w i l l  b e  p r o f o u n d  s e a s o n a l  d i f f e r e n c e s  
in  th e  y i e l d - d r a w d o w n  c h a r a c t e r i s t ic s  o f  p u m p i n g  b o r e h o le s .  A t  E t t o n .  t h e  y i e ld  f o r  a  5 - m  
d r a w d o w n  in  th e  N o . l  I v o r c h o le  v a r ie d  b e t w e e n  5 6  l . / s  in  N o v e m b e r  1 9 7 0  a n d  9 8  l . / s  in  M a r c h  
1 9 7 1 , a n d  t h e  l i m i t in g  y ie ld  a t l o w  s a t u r a t io n  w a s  s t r o n g ly  in f lu e n c e d  b y  t h e  le v e l  o f  t h e  m a in  
lo w e r  z o n e  o f  i v r m c a b i l i t y  d e v e l o p m e n t .  It s h o u l d  t h u s  I v  e v i d e n t  t h a t  c o n s id e r a b le  c a r e  is  
n e e d e d  in  th e  p la n n in g  o f  g r o u n d w a t e r  i n v e s t ig a t i o n s ,  i f  r e l ia b le  e v a l u a t i o n s  o f  d r o u g h t  b e h a v i o u r  
a r e  r e q u ir e d  f o r  m a j o r  s c h e m e s .
0 ) V f  IJ11 )l Srt R  KM ARKS
T h e  C h a lk  A q u if e r  in  t h e  o u t c r o p  a r e a  a r o u n d  E t t o n  f o r m s  a  la y e r e d .  htgb-TAow-S^. 
la m in a r  f i s s u r e - f lo w . u n c o n f i n e d  s y s t e m .  A l t h o u g h  s o m e  a n o m a l i e s  e x i s t ,  la t e r a l ly  i t s  p r o p e r t i e s  
a r e  r e la t iv e ly  i s o t r o p ic :  in  d e p t h  h o w e v e r  p e r m e a b i l i t y  d e v e l o p m e n t  is  lo c a l i z e d  in  t w o  m a in  
la y e r s  o f  l im it e d  t h ic k n e s s ,  n o t  d is t r ib u t e d  th r o u g h  t h e  e n t ir e  t h ic k n e s s  o f  t h e  f o r m a t io n .  It is  
p r o b a b ly  a s s ix r ia ie d  w it h  a  s m a l l  n u m lx :r  o f  h o r i z o n t a l  d i s c o n t in u i t i e s  w h ic h  h a v e  e x p e r ie n c e d  
a  d e g r e e  o f  p r e f e r e n t ia l  s o lu t io n .
T h e  u p ix 'r m o s t  o f  th e  t w o  la y e r s  o f  p e r m e a b i l i t y  d e v e l o p m e n t  c o n s t i t u t e s  t h e  lo w e r  p a r t  o f  
th e  z o n e  o f  s e a s o n a l  w a t e r  t a b le  f lu c t u a t io n :  th e  o t h e r  is  h v c a te d  s ig n i f ic a n t ly  b e lo w  lo c a l  h y d r o -  
lo g i c a l  b a s e  l e v e l .  It is  t e m p t in g  t o  a t t r ib u t e  th e  f o r m e r  t o  s o l u t i o n  d u r in g  lo n g - t e r m  c i r c u la t i o n  
o f  f r e s h  g r o u n d w a t e r  t o  th e  e x i s t i n g  b a s e  le v e l  ( w i t h  t h e  T v a l u e s  in c r e a s in g  d o w n  t h e  d ip  s lo ; s e  
t o w a r d s  t h e  n a tu r a l  d i s c h a r g e  a r e a s ) .  A s im i l a r  c o n c l u s i o n  h a s  b e e n  d r a w n  in  t h e  s t u d ie s  o f  a  
n u m ls e r  o f  c a r b o n a t e  s y s t e m s  ( l e  G r a n d  a n d  S t r in g f ie ld ,  1 9 7 1 )  a n d  a p p e a r s  t o  b e  d u e  t o  t h e  fa c t  
th a t  th e  g r o s s  lo n g - t e r m  c i r c u la t i o n  is  o f t e n  v o lu m c t r i c a l l y  g r e a te s t  a t  th is  l e v e l .  T h e  l o w e r  z o n e  
o f  (v c r m e a h i l i ty  d e v e l o p m e n t  c o u ld  w e l l  b e  a t t r i b u t a b le  t o  a  s im i la r  p r o c e s s  o p e r a t i n g  t o  a  m u c h
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lo w e r  b a s e  l e v e l ,  jx rrh a p s  in  P l e i s t o c e n e  t im e s ,  a l t h o u g h  t h e r e  is  a l s o  a  s u g g e s t i o n  o f  s t r a t ig r a p h ie  
c o n t r o l ,  s in c e  it m a y  b e  a s s o c ia t e d  w it h  f e a tu r e  C  o f  th e  r e s i s t iv i t y  lo g s  ( F i g .  3 ) .
T h e  la y e r e d  h y d r a u l ic  s t r u c tu r e  o f  th e  E a s t  Y o r k s h ir e  C h a lk  h a s  b e e n  c o r r o b o r a t e d  in  p a r t ,  
a n d  th e  p r o p e r t i e s  o f  th e  z o n e  o f  s e a s o n a l  w a te r  t a b le  t l u c i u a i io n  e l u c id a t e d ,  t h r o u g h  a n a ly s i s  o f  
g r o u n d w a t e r  le v e l  r e c e s s io n  a n d  r iv er  f lo w  d a ta  in  th e  W e s t  P e c k  a n d  F o s t o n  P e c k  c a t c h m e n t s  
( I P  a n d  F i n  F ig .  I) t o  th e  n o r th  o f  t h e  E t t o n  a r e a  ( F o s t e r ,  1 9 7 4 ) . M o r e o v e r  th e  h y d r a u l ic  
u n i f o r m it y  o f  th e  d ip  s lo p e  o f  th e  a q u i f e r  a p p e a r s  t o  b e  c o n l i r m e d  b y  th e  s im i la r i t y  o f  g r o u n d ­
w a t e r  le v e l  r e c e s s io n s  t h r o u g h o u t  t h e  r e g io n .
It is  n o t  th e  in t e n t io n  t o  s u g g e s t  th a t  th e  E t to n  a r e a  is  n e c e s s a r i ly  t y p ic a l  o f  th e  u n c o n l in c d  J 
C h a lk  A q u i f e r  in  a ll  th e  e x t e n s iv e  tr a c t s  o f  w o ld  a n d  d o w n  w h ic h  f o r m  it s  o u t c r o p .  S im ila r  
c o n d i t i o n s  p r o b a b ly  p e r s is t  s o u t h w a r d s  f r o m  E a s t  Y o r k s h ir e  in t o  L in c o ln s h ir e  b u t v a r ia t io n s  
p r o b a b ly  o c c u r  fu r t h e r  s o u t h ,  a s s o c ia t e d  w it h  c h a n g in g  r e l ie f  a n d  h y d r o lo g ic a l  d i s c h a r g e  r e g im e ,  
g e o l o g ic a l  s t r u c t u r e ,  s t r a t ig r a p h y  a n d  l i t h o l o g y .  O n ly  th e  h a r d e r  " ch a lk  r o c k ' b e d s  o f  s o u t h ­
e a s t e r n  E n g la n d  h a v e  a  c o m p a r a b le  p o r o s i t y  t o  th a t  o f  t h e  b u lk  o f  th e  E a s t  Y o r k s h ir e  C h a l k ;  
p e r h a p s  in t r o d u c in g  a  g r e a te r  l i k e l ih o o d  o f  s t r a t ig r a p h ie  c i m t r o l  o v e r  j o in t  a n d  p e r m e a b i l i t y  
d e v e l o p m e n t .  N e v e r t h e l e s s  th e r e  w il l  b e  m a n y  f e a t u r e s  in  c o m m o n .
T h e  s im p le  t h e o r e t i c a l  p e r m e a b i l i t y  a n d  s t o r a g e  r e la t io n s h i p s  fo r  id e a l iz e d  l i s s u r e d  s y s t e m s  
p r e s e n t e d ,  a r c  p r o b a b ly  n o t  o f  d ir e c t  p r a c t ic a l  a p p l i c a t i o n  in  th e  p r e d ic t io n  o f  f o r m a t io n  p r o p e r ­
t ie s  b e c a u s e  o f  th e  f o r m i d a b le  d i f f ic u l t ie s  in  f ie ld  m e a s u r e m e n t  o f  th e  p a r a m e t e r s  in v o lv e d ,  
p a r t ic u la r ly  t h e  e f f e c t iv e  f is s u r e  o p e n in g .  T h e y  h a v e  h o w e v e r  c o n s id e r a b le  r e le v a n c e  in  th e  
p h y s i c a l  in t e r p r e t a t io n  o f  r e s u lt s  o f  in situ t e s t in g ,  w h ic h  is  e s s e n t ia l  i f  s u c h  r e s u lt s  a r e  t o  b e  
m e a n in g f u l ly  e m p lo y e d  in  t h e  e v a l u a t i o n  a n d  m a n a g e m e n t  o f  w a t e r  r e s o u r c e s  s t o r e d  in  f is s u r e -  
f lo w  f o r m a t io n s .
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U s in g  fo u r  e x a m p le s  fr o m  U ls te r , th is  P a p er  d is c u s s e s  th e  e x te n t  to  w h ic h  te c h n iq u e s  
o f  g e o lo g ic a l  e x p lo r a t io n  a n d  h y d r o lo g ic a l  a n a ly s is  c a n  b e  u se d  in  th e  p r a c tic a l e v a lu a ­
t io n  o f  v a lle y  g r a v e ls  a s  a  w a te r  r e so u r c e . L im ita t io n s  a r ise  fr o m  th e  g e o lo g ic a l  
h e te r o g e n e ity  o f  th e s e  s tr a ta  a n d  fr o m  fin a n c ia l c o n s tr a in ts  r e la t in g  to  th e ir  o v e r a ll  
p o t e n t ia l ,  b u t it is u s u a lly  p o s s ib le  to  m a k e  r e lia b le  s e m i-q u a n t i ta t iv e  e v a lu a t io n s  o f  
th e  re c h a r g e  a n d  s to r a g e  e le m e n ts ,  s o  p e r m ittin g  lo g ic a l w a te r -s u p p ly  d e v e lo p m e n t .
N o t a t i o n
Ar a re a  o f  r iv e r -b e d  o v e r  w h ic h  r iv er -b ed  r e c h a r g e  o c c u r s
Dj, s iz e  o f  m e s h  o p e n in g  w h ic h  w ill r e ta in  .x%  o f  a  r e p r e se n ta t iv e  s a m p le  o f  u n ­
c o n s o l id a te d  m a te r ia l  
If r a te  o f  in d u c e d  o r  r iv e r -b e d  r e c h a r g e  p er  u n it  a re a  (Qr.lAr)
Kt, p e r m e a b ility  m e a s u r e d  in  a h o r iz o n ta l d ir e c t io n
A', p e r m e a b ility  m e a s u r e d  in  a v e r tic a l d ir e c t io n
A', v e r tic a l p e r m e a b i lity  o f  r iv e r -b e d
m  s a tu r a te d  a q u ife r  th ic k n e s s
Q w e ll d is c h a r g e  o r  p u m p in g  ra te
Qr ra te  a t w h ic h  r iv e r -b e d  r e c h a r g e  o c c u r s
r  d is ta n c e  b e tw e e n  p u m p in g  w e ll a n d  o b s e r v a t io n  w ell
s w e ll d r a w d o w n
Sf s p e c if ic  y ie ld
I t im e  s in c e  p u m p in g  b e g a n
T  tr a n s m is s iv ity  (A V » )
In tro d u c tio n
T h e  g r o u n d  w a t e r  r e s o u r c e s  o f  U l s t e r  a r e  r e s t r i c t e d  b y  t h e  l i m i t e d  o c c u r r e n c e  o f  
g e o l o g i c a l  f o r m a t i o n s  o f  s u f f i c ie n t  p e r m e a b i l i t y ,  t h i c k n e s s  a n d  a r e a l  e x t e n t  t o  
f o r m  a q u i f e r s .  H o w e v e r ,  w h e r e  f a v o u r a b le  c o n d i t i o n s  e x i s t ,  a s  in  t h e  s u p e r ­
f ic ia l  d e p o s i t s  o f  m a n y  v a l l e y s ,  u s e f u l  w e l l  y i e ld s  ( 1 0 - 4 0  1 /s )  a r e  o b t a i n a b l e .  
D e v e l o p m e n t  b y  g r o u p s  o f  r e la t iv e l y  s h a l l o w  ( 6 - 2 5  m ) ,  l a r g e  d ia m e t e r  ( 3 0 0 -  
6 0 0  m m )  w e l l s  c a n  b e  a n  e c o n o m i c a l  p r o p o s i t i o n  t o  m e e t  l o c a l i z e d  d e m a n d s  f o r  
in d u s t r i a l  a n d  p u b l i c  w a t e r - s u p p l i e s  o f  u p  t o  1 0 - 1 5  M l / d a y  ( 1 0  0 0 0 - 1 5  0 0 0  m ^ /  
d a y ) ,  p a r t ic u l a r ly  w h e r e  s u c h  d e m a n d s  c a n  b e  m e t  o n  s i t e  o r  v e r y  c l o s e  t o  t h e  
c o n s u m e r .
Written discussion closes 15 November, 1974, for publication in Proceedings, Part 2.
• Hydrogeological Departm ent, Institute o f Geological Sciences.
451
PRICE ANO FOSTER
2 . T r a d i t i o n a l  m e t h o d s  o f  g r o u n d  w a t e r  d e v e l o p m e n t  in  U l s t e r  v a l l e y s  
p a id  l i t t l e  a t t e n t i o n  t o  h y d r o g e o l o g i c a l  f a c t o r s  a n d  w e l l s  w e r e  f r e q u e n t ly  
b r o u g h t  in t o  p r o d u c t i o n  w i t h o u t  a n y  r e a l  k n o w l e d g e  o f  t h e ir  s o u r c e .  In  t h e  
c a s e  o f  m o d e r n  in d u s t r i a l  a n d  p u b l i c  s u p p l i e s  r e l ia b le  e v a l u a t i o n  is  b e c o m i n g  
in c r e a s in g ly  i m p o r t a n t  a n d  t h i s  n e c e s s i t a t e s  a n  u n d e r s t a n d in g  o f  t h e  r e s o u r c e  
b e in g  u s e d .
3 . I n  p r a c t i c e ,  t h e  p r im e  c o n c e r n  is  w i t h  t h e  g r a v e l s  o f  a l l u v i a l  a n d / o r  
g la c ia l  v a l l e y  f i l l ,  w h o s e  v o l u m e ,  in  c o m m o n  w i t h  t h a t  o f  m o s t  B r i t i s h  g r a v e l  
d e p o s i t s ,  is  r e la t iv e l y  s m a l l .  S u c h  a q u i f e r s  c a n n o t  b e  c o n s i d e r e d  a s  c o n v e n ­
t i o n a l  g r o u n d  w a t e r  r e s e r v o ir s  a n d  m u s t  u s u a l l y  b e  t r e a t e d  a s  p a r t s  o f  w a t e r  
r e s o u r c e  s y s t e m s  in t i m a t e l y  r e la t e d  t o  a s s o c i a t e d  r iv e r s .  R iv e r  w a t e r  c a n  b e  
a b s t r a c t e d  v ia  t h e  g r a v e l s ,  w h i c h  a c t  a s  a  n a t u r a l  f i l t e r ;  t h e  l im i t e d  s t o r a g e  a n d  
t h r o u g h  f lo w  in  t h e  g r a v e ls  a u g m e n t  t h e  s u p p l y  d u r in g  p e r i o d s  o f  l o w  s t r e a m  
f l o w .  T h e s e  p r in c i p l e s  a r e  w e l l  k n o w n  in  t h e  U S A ' “  ^ a n d  a r e  a c h ie v in g  r e ­
c o g n i t i o n  in  t h e  U K .* " ®
4 .  T h e  t w o  e s s e n t ia l  e l e m e n t s  in  in v e s t i g a t i o n  a r e  e x p l o r a t o r y  d r i l l in g  a n d  
p u m p i n g  t e s t s  w i t h  o b s e r v a t i o n  b o r e h o le s .^  B o t h  e l e m e n t s  n e e d  c a r e f u l  p la n ­
n in g  a n d  c o n t r o l l e d  e x e c u t i o n .  M a n y  m e t h o d s  o f  p u m p i n g  t e s t  a n a ly s i s  h a v e  
b e e n  d e v e l o p e d  t o  e v a l u a t e  t h i s  t y p e  o f  h y d r o l o g i c a l  e n v i r o n m e n t ® - ® b u t  
t h e r e  a r c  f r e q u e n t ly  s e v e r e  p r a c t i c a l  l i m i t a t i o n s  t o  t h e ir  a p p l i c a t i o n .  T h e s e  
s t e m  f r o m  n a t u r a l  h e t e r o g e n e i t y  in  f ie ld  c o n d i t i o n s ,  t h e  g e n e r a l ly  n a r r o w  a n d  
t h in  n a t u r e  o f  U K  v a l l e y  f il l a n d  t h e  i m p o s e d  r e s t r a in t s  o f  p r o j e c t  f in a n c e .  In  
m a n y  c a s e s  e v a l u a t i o n  a n d  d e v e l o p m e n t  a r e  d e m a n d e d  u r g e n t ly  a n d  t h e r e  is  
r a r e ly  a n  o p p o r t u n i t y  t o  in s t a l l  a  h y d r o m e t r i c  n e t w o r k  a n d  c o l l e c t  lo n g - t e r m  
d a t a .
5 .  I n  t h i s  P a p e r  t h e s e  p r o b l e m s  a r e  d i s c u s s e d  a n d  th e  i n v e s t i g a t i o n  a n d  d e ­
v e l o p m e n t  o f  w a t e r  s u p p l i e s  f r o m  v a l l e y  g r a v e l s  a r c  i l lu s t r a t e d  b y  s h o r t  c a s e  
h i s t o r i e s  f r o m  s i t e s  in  f o u r  U l s t e r  v a l l e y s  ( F i g s  1 a n d  2 ) .  F a c t o r s  c o m p l i c a t i n g  
t h e  e v a l u a t i o n  p h a s e  o f  a  p r o j e c t  a r e  l i s t e d  s e p a r a t e l y  f r o m  t h o s e  a lT e c t in g  th e
LONDONDERRY  ^*+
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•  Sites of pumping tests with issoclited rivers
+  Potential development sites under consideration
F ig . 1 . M a p  o f  U ls ter  s h o w in g  s it e  lo c a t io n s  
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d e v e l o p m e n t  p h a s e ,  a l t h o u g h  t h e  t w o  a r e  c l o s e l y  r e la t e d  a n d  t h e  d i v i s i o n  is  t o  
s o m e  e x t e n t  a r b it r a r y .  O n  t h e  b a s i s  o f  e x p e r i e n c e ,  r e c o m m e n d a t i o n s  a r e  m a d e  
o n  t h e  f o r m  o f  c o n t r a c t u a l  o r g a n i z a t i o n  m o s t  c o m p a t i b l e  w i t h  s y s t e m a t i c  in ­
v e s t i g a t i o n  a n d  lo g i c a l  d e v e l o p m e n t .
F acto rs com plica ting  evalua tion
6 . R a p i d  la t e r a l  v a r i a t io n s  a n d  c o m p l e x  b o u n d a r i e s  a r e  c h a r a c t e r i s t i c  o f  
m o s t  v a l l e y  fil l d e p o s i t s  a n d  a f f e c t  in  v a r y i n g  w a y s  a l l  t h e  s i t e s  in v e s t ig a t e d .  
T h e y  a d d  t o  t h e  c o s t  o f ,  o r  p r o h ib i t ,  f u l l  g e o l o g i c a l  e x p l o r a t i o n  a n d  t h e y  c o m ­
p l i c a t e  w e l l  s i t in g .  I n  t h e  E n le r  a n d  B r a id  V a l le y s  e l e c t r i c a l  r e s i s t i v i t y  a n d  
s e i s m i c  r e f r a c t io n  s u r v e y s ,  r e s p e c t i v e ly ,  p r o v e d  u s e f u l  in  m a p p i n g  t h e  d e p t h  
t o  b e d r o c k ,  b u t  t h e y  w e r e  u n a b l e  t o  d e f in e  t h e  m a in  g r a v e l  s t r a t a  a n d  v a r ia ­
t i o n s  in  t h e ir  s a t u r a t e d  t h i c k n e s s .
7 .  T h e s e  r a p id  v a r i a t io n s  in  t h i c k n e s s  a n d  f a c i e s  r e s u lt  in  c o r r e s p o n d in g  
c h a n g e s  in  a q u i f e r  p e r m e a b i l i t y  a n d  s a t u r a t e d  t h i c k n e s s ,  a n d  t h e r e f o r e  a l s o  
in  t r a n s m is s i v i t y .  G r o u n d  w a t e r  b o d i e s  a r e  o f t e n  lo c a l l y  c o n f in e d  b y  o v e r ly in g  
a l l u v i a l  s i l t s ,  c a u s i n g  v a r i a t i o n  in  s t o r a g e  c o e f f i c i e n t  f r o m  le s s  t h a n  10"®  u p  to  
th e  s p e c i f i c  y i e ld ,  w h i c h  i t s e l f  m a y  v a r y  f r o m  0  0 5  t o  0  2 5  in  g r a v e l  f o r m a t i o n s .  
G r e a t  c a r e  m u s t  t h e r e f o r e  b e  t a k e n  in  t h e  d e s ig n  a n d  e x e c u t i o n  o f  p u m p i n g  
t e s t s  a n d  c o n s i d e r a b l e  c a u t i o n  in  t h e ir  a n a ly s i s  a n d  in t e r p r e t a t io n ,  i f  m is le a d i n g  
r e s u l t s  a r e  t o  b e  a v o i d e d .  I n a d e q u a t e  o b s e r v a t i o n  b o r e h o l e  s i t in g  c o u l d  m e a n  
t h a t  h y d r a u l i c  b o u n d a r i e s  a r e  o v e r l o o k e d  a n d  f a l s e  v a lu e s  d e r iv e d  f o r  t r a n s ­
m is s iv i t y  a n d  t h e  c o e f f i c i e n t  o f  s t o r a g e .
8 .  A s s o c i a t e d  w i t h  t h e  la t e r a l  v a r i a t i o n s ,  t h e  f r e q u e n t  p r e s e n c e  o f  v e r t ic a l  
v a r i a t io n s  in  l i t h o l o g y  o f  v a l l e y  f il l  d e p o s i t s  r e q u ir e s  c a r e  in  i d e n t i f i c a t io n  o f  
t h e  a q u i f e r  u n d e r  t e s t  a n d  in  s e l e c t i o n  o f  c o r r e s p o n d i n g  s t r a t a  f o r  t h e  s c r e e n e d  
in t e r v a l s  in  o b s e r v a t i o n  b o r e h o l e s .  W h e r e  v e r t i c a l  h y d r a u l i c  c o n t i n u i t y  b e ­
t w e e n  d i s t in c t  g r a v e l  s t r a t a  is  g r e a t ly  r e s t r i c t e d  it m a y  b e  n e c e s s a r y  t o  c o n s id e r  
t h e m  a s  s e m i - i n d e p e n d e n t  a q u i f e r s .
9 .  R iv e r - b e d  r e c h a r g e  ( a l s o  t e r m e d  r iv e r - b e d  o r  i n d u c e d  in f i l t r a t io n ) ,  in ­
d u c e d  b y  g r o u n d  w a t e r  a b s t r a c t i o n ,  i s  f r e q u e n t ly  t h e  m a j o r  c o m p o n e n t  o f  a  
s u p p l y  o b t a i n e d  f r o m  a  v a l l e y  fil l a q u i f e r .  T h e  f u l l  e v a l u a t i o n  o f  i t s  p o t e n t ia l  
r e q u ir e s  c o m p l e x  h y d r o g e o l o g i c a l  i n v e s t i g a t i o n ;  t h e  p r a c t i c a l  a s p e c t s  a r e  d i s ­
c u s s e d  in  t h e  E n le r  V a l l e y  c a s e  h i s t o r y  (§§ 1 6 - 2 4 ) .
10 . T h e  g e n e r a l  la c k  o f  r iv e r  f l o w  a n d  g r o u n d  w a t e r  l e v e l  r e c o r d s  in  m a n y  
o f  t h e  U l s t e r  v a l l e y s  n o r m a l l y  m a k e s  it  i m p o s s i b l e  t o  e s t i m a t e  t h e  r a in f a l l  in ­
f i l t r a t io n  t o  t h e  v a l l e y  f il l  o r  t h e  l a t e r a l  s u b s u r f a c e  c o n t r i b u t i o n  f r o m  t h e  v a l l e y  
s id e s .  W h i le  t h e  v a l l e y  s i d e s  in  g e n e r a l  a r e  m u c h  l e s s  p e r m e a b l e  t h a n  t h e  v a l l e y  
f i l l ,  t h e ir  c o n t r i b u t i o n  c o u l d  b e  s ig n i f i c a n t  u n d e r  d r o u g h t  c o n d i t i o n s  in  s o m e  
a r e a s .  T h e  s p a r s e n e s s  o f  l o w  f lo w  d a t a  f o r  t h e  U l s t e r  r iv e r s  m e a n s  t h a t  t h e  
a m o u n t  o f  r iv e r  f lo w  a t  d r o u g h t  a v a i l a b l e  f o r  in d u c e d  r e c h a r g e  c a n n o t  a lw a y s  
b e  e s t i m a t e d ,  p a r t i c u l a r ly  in  t h e  c a s e  o f  s m a l l e r  r iv e r s .
F acto rs  a ffec tin g  d ev e lo p m en t
1 1 . I n  g e n e r a l ,  b e c a u s e  t h e  v a l l e y  g r a v e l  a q u i f e r s  a r e  s h a l l o w ,  t h e r e  is  o n l y  
l i m i t e d  d e p t h  in  w h i c h  t o  a c c o m m o d a t e  t h e  w e l l  s c r e e n  a n d  t h e  a v a i l a b l e  
d r a w d o w n  i s  r e s t r i c t e d .  E f f ic ie n t  w e l l  d e s ig n  a n d  c o m p l e t i o n  a r c  t h u s  o f  m a j o r  
i m p o r t a n c e  t o  m i n i m i z e  w e l l  lo s s e s .^ *
1 2 . T h e  v e r t i c a l  h e t e r o g e n e i t y  in  v a l l e y  fill d e p o s i t s  c a n  c a u s e  d i f f ic u l t y  in
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b o r e h o le  c o n s t r u c t i o n ;  c o n s i d e r a b l e  c a r e  is  r e q u ir e d  in  t h e  id e n t i f i c a t io n  o f  th e  
m o s t  p e r m e a b l e  h o r i z o n s  a n d  in  t h e  s e l e c t i o n  o f  a p p r o p r ia t e  s c r e e n  s i z e  t o  
a l l o w  u n i m p e d e d  e n t r y  o f  w a t e r  f r o m  t h e s e  h o r i z o n s ,  w h i l e  e x c l u d i n g  e n t r y  o f  
f in e s  f r o m  in t e r b c d d c d  a n d  a s s o c i a t e d  s i l t s  a n d  f in e  s a n d s P ^ '  A l t h o u g h  c o n ­
v e n t io n a l  la r g e  ( 3 0 0  -9CX) m m )  d ia m e t e r  p r o d u c t i o n  b o r e h o l e s  w i t h  v a r i o u s  
t y p e s  o f  w e l l  s c r e e n  a n d  g r a v e l  p a c k  h a v e  b e e n  u s e d  a t  a l l  th e  s i t e s  d i s c u s s e d  in  
t h i s  P a p e r ,  w h e r e  c o n d i t i o n s  a n d  w a t e r  r e q u ir e m e n t s  a r e  a p p r o p r ia t e  c o n s i d e r a ­
t io n  s h o u l d  b e  g iv e n  t o  t h e  u s e  o f  c o l l e c t o r  o r  w e l l - p o i n t  i n s t a l l a t i o n s ,  s i n c e  t h e  
m a n y - f o l d  in c r e a s e  in  e lT c c t iv e  w e l l  r a d iu s  l e a d s  t o  s ig n i f i c a n t  i m p r o v e m e n t  in  
s p e c i f i c  c a p a c i t y .
1 3 . T h e  s m a l l  c r o s s - s e c t i o n a l  a r e a  a n d  v o l u m e  o f  m o s t  U K  v a l l e y  g r a v e l  
d e p o s i t s  m e a n  t h a t  e v e n  w h e n  s u c h  f o r m a t i o n s  a r e  o f  h ig h  p e r m e a b i l i t y  a n d  
s p e c i f i c  y i e ld  t h e  u n d e r t lo w  ( t h e  n a t u r a l  f l o w  o f  g r o u n d  w a t e r  t h r o u g h  t h e m )  is  
a l s o  s m a l l  a n d  t h e  g r o u n d  w a t e r  s t o r a g e  is  s t r i c t l y  l i m i t e d .
1 4 . T h e  c o n t r i b u t i o n  f r o m  r i v e r - b e d  r e c h a r g e  t o  g r o u n d  w a t e r  s u p p l i e s  a t  
a  g iv e n  s i t e  w i l l  v a r y  w i t h  r iv e r  w a t e r  t e m p e r a t u r e ,  g r o u n d  w a t e r  l e v e l ,  r iv e r  
s t a g e  a n d  r i v e r - b e d  p e r m e a b i l i t y .  O f  t h e s e ,  v a r i a t i o n  in  t h e  r i v e r - b e d  p e r m e ­
a b i l i t y  is  b y  fa r  t h e  m o s t  d i f f i c u l t  t o  t r e a t  a s  it  is  a s s o c i a t e d  w i t h  s u c h  f a c t o r s  a s  
s i l t a t i o n  a n d  w i t h  p h y s i c a l  c l o g g i n g  a n d  o r g a n i c  g r o w t h  d u e  t o  t h e  r e c h a r g e  
p r o c e s s  i t s e l f .
1 5 . A  m a j o r  a d v a n t a g e  o f  a b s t r a c t in g  r iv e r  w a t e r  b y  in d u c e d  r e c h a r g e  is  
t h e  b e n e f i t  o f  n a t u r a l  f i l t r a t io n ;  a t  a l l  t h e  s i t e s  in v e s t ig a t e d  in  U l s t e r  t h e  g r o u n d  
w a t e r  q u a l i t y  w a s  fa r  s u p e r io r  a n d  m o r e  c o n s i s t e n t  in  r e la t io n  t o  s u s p e n d e d  
s o l i d s  a n d  o r g a n ic  a n d  b a c t e r i o l o g i c a l  c o n t e n t  t h a n  w a s  t h e  q u a l i t y  o f  t h e  
n e i g h b o u r i n g  r iv e r  w a t e r .  H o w e v e r ,  f i l t r a t io n  w i l l  n o t  h a v e  a n y  e fT cct o n  
m o s t  i o n s  in  s o l u t i o n  a n d  s u p p l i e s  r e m a in  l i a b l e  t o  p o l l u t i o n  b y  o r g a n i c  a n d  
in o r g a n ic  s o l u t e s  s h o u l d  r iv e r  w a t e r  q u a l i t y  d e t e r i o r a t e  in  t h e s e  r e s p e c t s .  T h e  
in t e r m i t t e n t  p r e s e n c e  o f  s o l u b l e  t o x i c  e l e m e n t s  in  t h e  r iv e r  w o u l d  s e r i o u s ly  
t h r e a t e n  t h e  c o n t i n u i t y  o f  s u p p l i e s .  S h a l l o w  a q u i f e r s  m a y  a l s o  b e  d ir e c t ly  
v u ln e r a b le  t o  p o l l u t i o n  b y  a g r i c u l t u r a l  a n d  h o r t i c u l t u r a l  p r o c e s s e s .
Case h is to rie s  of in v estig a tio n  and deve lo p m en t 
Enter Valley, Comber, Co. Down
1 6 . I n t e r m i t t e n t ly  d u r in g  1 9 6 3 - 6 9  t h e  D r i f t  d e p o s i t s  o f  t h e  E n le r  V a l le y  
h a v e  b e e n  e x p lo r e d  a s  a  s o u r c e  o f  a d d i t i o n a l  m u n i c ip a l  s u p p l i e s  f o r  t h e  t o w n  o f  
N c w t o w n a r d s .  T h r e e  s i t e s  in  t h e  v i c in i t y  o f  C o m b e r ,  a b o u t  5  k m  s o u t h - w e s t  o f  
N c w t o w n a r d s ,  h a v e  b e e n  in v e s t ig a t e d  in  d e t a i l .  A  c r o s s - s e c t i o n  o f  t h e  v a l l e y  a t  
o n e  ( U p p e r  K e n n e l  B r i d g e )  i s  s h o w n  in  F i g .  2 ( a ) ;  t h o s e  o f  t h e  o t h e r  t w o  s i t e s  
( U n i c a r v a l ,  1 0 0 0  m  u p s t r e a m ,  a n d  L o w e r  K e n n e l  B r id g e ,  4 0 0  m  d o w n s t r e a m )  
a r e  s im i l a r .
1 7 . T h e  p r in c i p a l  d r i f t  a q u i f e r  is  a  g r a v e l  u p  t o  6  m  t h ic k  o c c u p y i n g  a  
c h a n n e l  c u t  t h r o u g h  g la c ia l  s a n d s  a n d  i n t o  b o u l d e r  c l a y .  A t  a l l  t h r e e  s i t e s  t h e  
t r a n s m is s i v i t y  w a s  s u f f i c ie n t  t o  p e r m i t  m o d e r a t e  s h o r t - t e r m  w e l l  y i e ld s  ( T a b l e  1) 
b u t  t h e s e  c o u l d  n o t  b e  e x p e c t e d  t o  b e  s u s t a i n e d  b y  g r o u n d  w a t e r  u n d e r f lo w ,  
w h i c h  w a s  e s t i m a t e d  t o  b e  le s s  t h a n  0  5  M l / d a y ,  a s  a  r e s u l t  o f  t h e  r e s t r i c t e d  
w id t h  o f  t h e  b u r ie d  c h a n n e l  ( F i g .  2 ( a ) ) .
1 8 . I n  d e t a i l  t h e  g r a v e l  f o r m a t i o n  s h o w e d  a r e a l  a n i s o t r o p y  a n d  m a r k e d  
v e r t i c a l  h e t e r o g e n e i t y ,  t h e  D s o  s i z e  o f  d i s t u r b e d  s a m p l e s  r a n g in g  f r o m  7  m m  t o  
4 0  m m  a n d  t h e  u n i f o r m i t y  c o e f f i c i e n t  f r o m  4  t o  3 0 .  T h e s e  f a c t o r s
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w e r e  r e f l e c t e d  in  t h e  l i m i t e d  t r a c e r  e x p e r im e n t s  c o n d u c t e d  a t  th e  U n i c a r v a l  
s i t e ,  w h e r e  a c t u a l  f lo w  r a t e s  o f  u p  t o  1 4 0  m /d a y  w e r e  o b s e r v e d  t o w a r d s  t h e  
p u m p i n g  w e l l ,  i n d i c a t i n g  t h a t  t h e  p r e f e r r e d  f lo w  p a t h s  p r o b a b l y  h a d  a  
h o r iz o n t a l  p e r m e a b i l i t y  o f  1 0 - 1 5  t im e s  t h e  a v e r a g e  p u m p i n g  t e s t  v a lu e  o f  
4 5  m /d a y .
1 9 . F o r  t h o s e  o b s e r v a t i o n  b o r e h o le s  l o c a t e d  c l o s e r  t o  t h e  t e s t  p r o d u c t io n  
w e l l  t h a n  i t s  d i s t a n c e  f r o m  t h e  E n le r  R iv e r ,  t h e  t im e  d r a w d o w n  d a t a  s h o w e d  
s ig n s  o f  e a r ly  r e c h a r g e  ( F i g .  3 ) ,  a l t h o u g h  t h e s e  w e r e  m u c h  s t r o n g e r  a t  th e  U n i ­
c a r v a l  s i t e .  T y p c - c u r v e  m e lh o d s ^ ^  w e r e  u s e d  in  t h e  in i t i a l  a n a ly s i s  b u t  s  v e r s u s  
l o g  t p l o t s ‘ “*‘ ® a r e  p a r t i c u l a r ly  u s e f u l  in  r e v e a l in g  h y d r a u l i c  b o u n d a r i e s ,  w h ic h  
c a n  a l s o  b e  a n a l y s e d  b y  t i m e - d e p a r t u r c  c u r v e  m e th o d s .* ®  T h e  m e t h o d  u s e d  in  
F ig .  3 o f  p l o t t i n g  s/Q  a g a in s t  l o g  (i/r-)  a l l o w s  d ir e c t  in t e r - s i t e  c o m p a r i s o n  o f  
t h e  r e s p o n s e  o f  t h e  a q u i f e r  in  t h e  v i c in i t y  o f  th e  p u m p i n g  w e l l .
2 0 .  F o r  t h e  g iv e n  t e s t  r a t e s  ( T a b l e  1 ) , e q u i l i b r iu m  w a s  e s t a b l i s h e d  w i t h in  a  
f e w  h o u r s  o f  s t a r t in g  p u m p i n g  a t  t h e  U n i c a r v a l  s i t e  a n d  w i t h in  2 4  h o u r s  a t  
U p p e r  K e n n e l  B r id g e .  A t  t h e  f o r m e r  s i t e ,  t h e  e q u i l i b r iu m  w a s  c l e a r ly  d u e  t o  
t h e  e f f e c t s  o f  r iv e r - b e d  r e c h a r g e  in d u c e d  b y  p u m p i n g ;  s u c h  r e c h a r g e  w a s  a l s o  
p r e s e n t  a t  t h e  la t t e r  s i t e ,  a l t h o u g h  m a s k e d  b y  m a r k e d  a q u i f e r  a n i s o t r o p y  a n d  
i n t e r c e p t io n  o f  la t e r a l  f lo w  ( F i g .  4 ) .
2 1 .  W h e r e  r e c h a r g e  in d u c e d  b y  p u m p i n g  is  l ik e ly  t o  b e  a  m a j o r  c o m p o n e n t  
o f  a  g r o u n d  w a t e r  s u p p l y ,  it  is  i m p o r t a n t  t o  d e t e r m i n e  i t s  r a te  o f  flow  t h e  
a r e a  o f  r iv e r - b e d  Ar i n v o l v e d  a n d  t h e  r i v e r - b e d  v e r t i c a l  p e r m e a b i l i t y  AT,. D u r ­
in g  r e c e s s i o n  m o s t  r iv e r s  a r c  e f f lu e n t  ( F i g .  5 ( a ) )  a n d  in t e r c e p t io n  o f  n a t u r a l  d i s ­
c h a r g e  w i l l  p r e c e d e  th e  m a j o r  d e v e l o p m e n t  o f  in d u c e d  r e c h a r g e  ( F i g .  5 ( b ) ) .  
W it h  in c r e a s in g  p u m p i n g  r a t e  th e  w a t e r - t a b le  w i l l  a t  s o m e  s t a g e  b e  d r a w n  
b e lo w  th e  r iv e r - b e d  ( F i g .  5 ( c ) ) ,  w h e n  t h e  r a t e  o f  in d u c e d  r e c h a r g e  ( / r =  QrlAr) 
in  t h i s  s e c t i o n  w i l l  h a v e  r e a c h e d  i t s  l i m i t in g  v a lu e  a n d  f u r t h e r  r e c h a r g e  c a n  b e  
a c h ie v e d  o n l y  i f  th e  c o n e  o f  i n f lu e n c e  s p r e a d s  u p s t r e a m  a n d  d o w n s t r e a m .  A t  
c o n s t a n t  r iv e r  s t a g e ,  t h e  l i m i t in g  Ir w i l l  b e  a  In u n ctio n  o f  AV a l o n e .  U n d e r  
i d e a l i z e d  c o n d i t i o n s  a n d  w h i l e  t h e  w a t e r - t a b le  r e m a i n s  a b o v e  t h e  le v e l  o f  th e
t / r ^ :  mln/m*
10* 10' I
• E
.à
®°o,
♦ Braid fpumpin; •  ^
from well 13. • ^
o Oona Water fpumpin; • ,  
from well W I,'
• Enler-Upper Kennel Bridge 
^ . (pumping from well O
F ig . 3 .  S e le c t e d  o b s e r v a t io n  b o r e h o le  p u m p in g  t e s t  d a ta  
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r i v e r - b e d ,  t h e  s y s t e m  is  t h e o r e t i c a l l y  c a p a b l e  o f  fu l l  s o l u t i o n  b y  p u m p i n g  t e s t  
a n a l y s i s  a l o n e .  H o w e v e r ,  d ir e c t  o b s e r v a t i o n  o f  t h e  d i s t r ib u t io n  o f  g r o u n d  
w a t e r  h e a d  a t  e q u i l i b r iu m ,  in c l u d in g  w h e r e  f e a s ib l e  m e a s u r e m e n t s  in  p i e z o ­
m e t e r s  d r iv e n  t h r o u g h  t h e  r iv e r - b e d ,  w i l l  g r e a t l y  a id  in t e r p r e t a t io n  o f  t h e  
p u m p i n g  t e s t  d a t a . ”  C o n f i r m a t i o n  o f  t h e  p r e s e n c e ,  b u t  r a r e ly  th e  m a g n i t u d e ,  
o f  r i v e r - b e d  r e c h a r g e  c a n  in  s o m e  c i r c u m s t a n c e s  b e  d e r iv e d  f r o m  g e o c h e m i c a l  
t e c h n iq u e s  o r  f r o m  s t r e a m  f lo w  m e a s u r e m e n t ,  b u t  t h e  c o s t  o f  g a u g in g  s t r u c t u r e s  
a n d  t h e  i n a c c u r a c y  o f  c u r r e n t - m e t e r  w o r k  u s u a l ly  m e a n  t h a t  t h e  la t t e r  m e t h o d  
i s  o f  l i t t l e  u s e  a t  t h e  in v e s t i g a t i o n  s t a g e .  I n  t h is  i n v e s t ig a t i o n  t o l e r a b le  e s t i ­
m a t e s  o f  Qr, / ( r  a n d  t h e  h e a d  u s e d  in  r iv e r - b e d  r e c h a r g e  c o u l d  b e  m a d e  f o r  b o t h  
t h e  U p p e r  K e n n e l  B r id g e  a n d  t h e  U n i c a r v a l  s i t e s  f r o m  th e  t o t a l  o b s e r v a t i o n  
b o r e h o l e  d a t a .  T h e  im p o r t a n c e  o f  o b s e r v a t i o n  b o r e h o le s  o n  t h e  b a n k  o f  th e  
r iv e r  o p p o s i t e  t o  t h e  p u m p i n g  w e l l  i s  n o t e w o r t h y  in  t h i s  r e s p e c t  ( F i g .  4 )  a l ­
t h o u g h  f o r  la n d  a c c e s s ,  c o s t  a n d  o t h e r  r e a s o n s  t h e  o b s e r v a t i o n  b o r e h o le  la y o u t  
w a s  n o t  id e a l  in  a n y  o f  th e  in v e s t i g a t i o n s .
50
\ 1 1
100
limit of {n«tl formitlon 
* " Uln* of icction of Fi; 7
limit of ri»of-S*d irca over which Induced 
rechirge occurred during pumping tttt
■  □  Pumping well*
Obtcrvjtlon wells with iiturttcd thickness 
•  0 4) of alluviti gravel In metres (underlined where
ground water conditions are confined}
g Equilibrium drawdown contours In metres
~~ when pumping from well Cat II I/s
.-eSO"
Groundwater level contours In metres OD 
for alluvial gravel before test pumping
Open symbols indicate 
Permian sandstone wells, 
solid symbols gravel wells
F ig . 4 .  D e ta ile d  p la n  o f  U p p e r  K e n n e l B r id g e  s ite , Enler V a lle y
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2 2 .  V a l u e s  f o r  o f  1 0  a n d  3 -4  m / d a y  w e r e  d e r i v e d ;  t h e s e  a r c  a v e r a g e  
v a lu e s  a n d  m u s t  b e  g r e a t l y  e x c e e d e d  in  t h e  c e n t r e  o f  t h e  c h a n n e l ,  a l t h o u g h  
e v e n  h e r e  t h e y  a r e  p r o b a b l y  l e s s  t h a n  t h e  v e r t i c a l  p e r m e a b i l i t y  ATv o f  t h e  g r a v e l  
f o r m a t i o n  i t s e l f .  A s s u m i n g  c o m p a r a b l e  c o n d i t i o n s ,  t h e  m a x im u m  Q r f r o m  t h e  
1 0 0 0  m  l e n g t h  o f  r iv e r  b e t w e e n  t h e  t w o  s i t e s  w o u l d  b e  g r e a t e r  t h a n  10  M l / d a y  
p r o v id e d  t h is  d o e s  n o t  e x c e e d  t h e  t o t a l  r iv e r  ( lo w  in  e x t r e m e  d r o u g h t  o r  c a u s e  
it  t o  f a l l  b e l o w  a n  a c c e p t a b l e  l e v e l .  D e v e l o p m e n t  c o u l d  b e  a c h ie v e d  b y  a  l in e  
o f  w e l l s  p a r a l l e l  t o  t h e  r iv e r  a t  a  s p a c i n g  o f  a b o u t  1 0 0  m . T h e  E n le r  is  a  s m a l l  
r iv e r  w i t h  a  h ig h ly  v a r i a b l e  f l o w  r e g im e .  D u r i n g  t e s t  p u m p i n g  a f t e r  a n  e x ­
t e n d e d  d r y  p e r i o d ,  f l o w s  d id  n o t  f a l l  b e l o w  9  M l / d a y  b u t ,  In t h e  a b s e n c e  o f  
r e l ia b le  d a t a  o n  m i n im u m  f lo w s ,  d e v e l o p m e n t  w a s  d e l i b e r a t e l y  r e s t r i c t e d  
p e n d i n g  t h e  e s t a b l i s h m e n t  o f  a  g a u g in g  s t a t i o n .  W h i l e  in t e r e s t  in  t h e  f lo w  d a t a  
c e n t r e s  o n  t h e  m e a s u r e m e n t  o f  th e  m i n im u m  f lo w  f r o m  t h e  u p p e r  c a t c h m e n t
J ) ) 7~} } } } ; >} » f  } } /  f  ) yy
(a)
■ f - r -r—} T> >/j u m  T> r.n >7> )t / n j Tf / n / ; r t m i i r -'t > ; 7-r
!mperm*>bl« «illtjr door
Wjier level In elver
~7 f t n  I /
(c)
F ig . 5 . H y p o th e t ic a l c r o s s - s e c t io n s  il lu str a tin g  th e  c o n c e p t  o f  in d u c e d  r iv e r -b e d  r e ­
c h a r g e :  (a )  n o n - p u m p in g  c o n d it io n , g r o u n d  w a te r  d is c h a r g in g  to  s t r e a m ;  (b )  e q u i l i ­
b riu m  c o n d it io n  at lo w  p u m p in g  r a te s ;  ( c )  e q u ilib r iu m  c o n d it io n  a t h ig h  p u m p in g  
r a te s
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w h i c h  is  a v a i l a b l e  f o r  in d u c e d  a b s t r a c t io n  in  t h e  l o w e r  r e a c h e s ,  c o n s i d e r a t i o n  
a l s o  h a s  t o  b e  g iv e n  t o  m e a s u r e m e n t s  w h i c h  w i l l  p e r m i t  e v a l u a t i o n  o f  t h e  i n ­
f i l t r a t io n  in t o  t h e  v a l l e y  d e p o s i t s  a n d  a n y  la t e r a l  g r o u n d  w a t e r  f lo w  f r o m  t h e  
v a l l e y  s id e s .  T h e  la t t e r  a p p e a r  t o  s u s t a in  t h e  e f f lu e n t  c o n d i t i o n  in  d r y  w e a t h e r  
( F i g ,  4 ) .
2 3 .  B y  v ir t u e  o f  t h e  c o v e r  o f  a l l u v i a l  s i l t  ( F i g .  2 ( a ) )  th e  s t o r a g e  c o e f f i c i e n t s  
in  th e  p u m p i n g  t e s t s  ( T a b l e  1) w e r e  in  t h e  c o n f in e d  r a n g e  b u t  th e  v o l u m e  o f  
w a t e r  In  c o n f i n e d  s t o r a g e  is  n e g l i g ib l e .  F r o m  th e  g r a in  s i z e  d i s t r i b u t i o n s  t h e  
s p e c i f i c  y i e ld  o f  th e  g r a v e l  f o r m a t i o n  is  e s t im a te d ^ ®  t o  b e  a b o u t  0 1 5  a n d  t h u s  
s t o r a g e  m u s t  b e  a b o u t  4 5  M l p e r  1 0 0 0  m  l e n g t h  o f  t h e  v a l l e y  f o r  e a c h  m e t r e  
l o w e r i n g  o f  t h e  w a t e r - t a b l e ;  t h i s  is  c o m p a r a t i v e l y  l i m i t e d  a n d  c a n  b e  a b s t r a c t e d  
o n l y  a t  t h e  t o t a l  e x p e n s e  o f  r iv e r  f lo w .
2 4 .  D u r in g  e x p l o r a t o r y  d r i l l in g  in  1 9 6 8  it  w a s  d i s c o v e r e d  t h a t  t h e  l o w e r  
r e a c h e s  o f  t h e  v a l l e y ,  i n c l u d in g  b o t h  K e n n e l  B r id g e  s i t e s ,  a r e  u n d e r la in  b y  m o r e  
t h a n  5 0  m  o f  p e r m e a b l e  P e r m ia n  S a n d s t o n e  w i t h  n o  k n o w n  o u t c r o p .  A  p u m p ­
in g  t e s t  ( T a b l e  I )  s h o w e d  th a t  r e c h a r g e  t o  t h i s  s a n d s t o n e  c a n  b e  in d u c e d  b y  
v e r t i c a l  l e a k a g e  f r o m  o v e r l y i n g  v a l l e y  d e p o s i t s  a n d  in  tu r n  f r o m  th e  E n le r  
K iv e r .  A b s t r a c t i o n  f r o m  t h e  b e d r o c k  w a s  a n  a t t r a c t i v e  a l t e r n a t iv e  b e c a u s e  o f  
t h e  h ig h e r  i n d iv id u a l  w e l l  y i e ld s ,  g r e a te r  a v a i l a b l e  s t o r a g e  a n d  r e d u c e d  r isk  o f  
p o l l u t i o n ,  a l t h o u g h  w e l l  c o n s t r u c t i o n  w a s  m u c h  m o r e  e x p e n s i v e .
Hruitl I alley. Hall y  menu, Co. Antrim
2 5 . D u r in g  1 9 6 9  a n  i n v e s t ig a t i o n  w a s  u n d e r t a k e n  in t o  t h e  a v a i l a b i l i t y  o f  
g r o u n d  w a t e r  a s  t h e  p e r e n n ia l  s u p p l y ,  o r  a  m a k e - u p  o r  s t a n d - b y  s u p p l y ,  f o r  a  
f a c t o r y  u n d e r  c o n s t r u c t i o n  in  a n  in d u s t r i a l  d e v e l o p m e n t  a r e a  o n  th e  f l o o d  p la in  
o f  th e  B r a id  V a l l e y ,  a b o u t  2 - 3  k m  e a s t  o f  B a l l y m e n a .
2 6 . A s  in  t h e  E n le r  V a l l e y ,  t h e  a q u i f e r  is  a n  a l l u v i a l  g r a v e l  ( F i g .  2 ( b ) )  b u t  
t h e  B r a id  s i t e  w a s  a t y p ic a l  o f  t h o s e  in v e s t ig a t e d  b e c a u s e  t h e  a q u i f e r  d i s t r ib u ­
t io n  w a s  k n o w n  a t  t h e  o u t s e t  f r o m  t h e  l o g s  o f  m a n y  p r e v i o u s  s i t e  i n v e s t i g a t i o n  
b o r e h o l e s .  T h e  d a t a  ( F i g .  6 )  s h o w  t h e  s a t u r a t e d  t h i c k n e s s  v a r i a t io n s  c h a r a c ­
t e r i s t i c  o f  v a l l e y  f il l a q u i f e r s  a n d  t h e s e  h a v e  a  c r i t i c a l  in f lu e n c e  o n  w e l l  y i e ld s  
( c f .  w e l l s  9  a n d  5  in  T a b le  I ) .
2 7 .  P u m p in g  t e s t s  s h o w e d  th e  g r a v e l  t o  b e  g e n e r a l ly  o f  h ig h  p e r m e a b i l i t y  
( / f h >  3 5 0  m / d a y )  a n d  w a t e r - t a b le  s t o r a g e  ( 5 ,  u p  t o  O i l )  b u t  h y d r a u l i c  
b a r r ie r s ,  r e f l e c t i n g  th e  i m p e r m e a b le  b o u l d e r  c l a y  o f  r e s id u a l  m o u n d s  a n d  t h e  
v a l l e y  s id e s  ( F i g .  6 ) ,  d o m i n a t e d  t h e  r e s p o n s e  t o  a b s t r a c t io n  ( F i g .  3 )  a n d  e q u i l i ­
b r iu m  w a s  n o t  r e a d i ly  a c h ie v e d .
2 8 .  W h i l e  c o n s i d e r a b l e  r e s t r i c t io n  o n  la n d  a c c e s s  a n d  a c q u i s i t i o n  
p r e v e n t e d  t h e  p r o d u c t i o n  w e l l s  f r o m  b e in g  s i t e d  c l o s e  t o  t h e  B r a id  R iv e r ,  a  
p u m p i n g  t e s t  a t  w e l l  12  ( F i g .  6  a n d  T a b le  1 ) s u b s e q u e n t l y  s h o w e d  a  m a n y - f o l d  
d i m i n u t i o n  in  t r a n s m is s i v i t y  ( r e s u l t i n g  f r o m  r e d u c t i o n s  in  b o t h  a n d  m )  in  
t h i s  d i r e c t io n  a n d  e x p la i n e d  t h e  l i m i t a t i o n  o n  in d u c e d  r iv e r - b e d  r e c h a r g e .  
A p p a r e n t l y  a s  a  c o n s e q u e n c e  o f  i t s  l o c a t i o n  a t  t h e  e x t r e m i t y  o f  th e  v a l l e y ,  t h e  
B r a id  w a s  f o u n d  t o  b e  n a t u r a l ly  in f lu e n t  in  t h e  r e a c h e s  in v e s t ig a t e d ,  e v e n  d u r ­
in g  p e r i o d s  o f  p r o l o n g e d  d r y  w e a t h e r .  T h e  d e g r e e  t o  w h i c h  t h e  h y d r a u l i c  
g r a d ie n t  a w a y  f r o m  th e  r iv e r  c o u l d  b e  s t e e p e n e d  b y  p u m p i n g  w a s  l i m i t e d  b y  
t h e  r e la t iv e l y  h ig h  b a s e  o f  th e  g r a v e l  f o r m a t i o n  w i t h  r e s p e c t  t o  th e  r iv e r ,  a n d  
t h e  p e r e n n ia l  y i e ld  o f  th e  s i t e  w a s  t h u s  t h o u g h t  t o  b e  l i m it e d  t o  a b o u t  4  M l / d a y .
2 9 . T h e  s t o r a g e  p o t e n t ia l  o f  t h e  g r a v e l  f o r m a t i o n  w a s  i n v e s t ig a t e d  e m p i r i ­
c a l l y  b y  a  l o n g - d u r a t i o n  m u l t ip l e - w e l l  t e s t  in  M a y - J u n c  1 9 6 9 . F r o m  t h e  r e s u l t s
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it w a s  e x t r a p o l a t e d  th a t  a  p u m p i n g  r a t e  o f  m o r e  t h a n  6  M l / d a y  c o u l d  b e  s u s ­
t a in e d  f o r  a t  l e a s t  7 0  d a y s  f r o m  w e l l s  9 ,  13 a n d  14 ( F i g .  6 ) ;  t o  d r a w  o n  s t o r a g e  
f o r  l o n g e r  p e r i o d s  o r  a t  h ig h e r  r a t e s  m o r e  w e l l s  w o u l d  b e  r e q u ir e d ,  p r e f e r a b ly  
s i t e d  in  t h e  d e e p e s t  p a r t  o f  t h e  g r a v e l  c h a n n e l  ( F i g .  6 ) .
3 0 .  U s i n g  a  c o o l i n g  t o w e r  t o  r e d u c e  t h e  o v e r a l l  w a t e r  r e q u ir e m e n t ,  th e  
f a c t o r y  h a s  b e e n  b r o u g h t  in t o  p r o d u c t i o n  w i t h  a  s t e a d y  2  3 M l / d a y  a b s t r a c t io n  
a n d  5 -2  M l / d a y  h a v e  b e e n  a b s t r a c t e d  in t e r m i t t e n t ly  f o r  p e r i o d s  o f  u p  t o  
4 0  d a y s .  M o r e o v e r  t h e  p r o s p e c t s  o f  o b t a i n i n g  f u r t h e r  s u p p l i e s  w i t h in  t h e  d e ­
v e l o p m e n t  a r e a s  s e e m  f a v o u r a b l e ,  p a r t ic u l a r ly  5 0 0  m  o r  m o r e  d o w n s t r e a m  
w h e r e  t h e  B r a id  o c c u p i e s  a  m o r e  c e n t r a l  p o s i t i o n  in  t h e  v a l l e y  c l o s e  t o  th e  
c e n t r e  o f  t h e  b u r ie d  c h a n n e l .
3 1 .  L a n d  d r a in a g e ,  d o w n s t r e a m  r iv e r  e n g in e e r in g  a n d  d e w a t e r in g  o p e r a ­
t io n s  d u r in g  f a c t o r y  c o n s t r u c t i o n  a r e  b e l i e v e d  t o  h a v e  r e c e n t ly  l o w e r e d  th e
:—r Limit of Hood pliin deposits 
' — Contours on base of jravel (metres above OD) 
Trial product Ion/test pumpinj wells 
(numbered if mentioned In text)
Observation boreholes 
Site Investigation boreholes
(ravel exceeded S m In Ma/-June 1969 
-X Line o f section (Fi|. 2(b) )
Scale o f metres 
100 200 300
F ig . 6 .  D e ta ile d  p la n  o f  B raid  s it e  
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w a t e r - t a b le  t h r o u g h o u t  m o s t  o f  th e  v a l l e y  g r a v e l s  b y  1 - 2  m . a l t h o u g h  it w a s  n o t  
p o s s i b l e  t o  e s t a b l i s h  w h a t  p r o p o r t i o n  o f  t h i s  w a s  p e r m a n e n t .  T h i s  h a s  c e r ­
t a in ly  h a d  a n  a d v e r s e  i n f lu e n c e  o n  g r o u n d  w a t e r  p o t e n t i a l ,  r e d u c i n g  b o t h  
s a t u r a t e d  t h i c k n e s s  a n d  a v a i l a b l e  d r a w d o w n .
Roe Valley, Limovady, Co. Londonderry
3 2 . I n v e s t i g a t i o n  in t o  t h e  p o s s ib i l i t y  o f  a u g m e n t i n g  t h e  w a t e r  s u p p ly  o f  
L im a v a d y  f r o m  lo c a l  g r o u n d  w a t e r  s o u r c e s  b e g a n  in  1 9 6 8  a n d  a t t e n t i o n  w a s  
f iK u s c d  o n  t h e  s u p e r f ic ia l  d e p o s i t s  o f  th e  R o e  V a l le y ,  I k m  t o  t h e  n o r t h .
3 3 .  S o m e  k n o w l e d g e  o f  t h e  g e o l o g y  h a d  b e e n  g a in e d  f r o m  a  n e a r b y  h i g h ­
w a y  s i t e  i n v e s t i g a t i o n  a n d  e x p l o r a t o r y  b o r e h o le s  c o n f i r m e d  t h e  p r e s e n c e  o f  a  
t h ic k  g la c ia l  o u t w a s h ,  c o a r s e  o n  th e  w e s t e r n  s id e  o f  t h e  v a l l e y ,  o v e r la in  b y  
c s t u a r in e  d e p o s i t s  ( F i g .  2 ( c ) ) .  T h e  g e n e r a l  s e q u e n c e  o f  t h e  v a l l e y  fil l m a d e  a  
d ir e c t  in d u c e d  r e c h a r g e  s c h e m e  i m p o s s i b l e ,  b u t  it w a s  t h o u g h t  t h a t  in d u c e d  
v e r t i c a l  l e a k a g e  a n d  i n t e r c e p t io n  o f  la t e r a l  g r o u n d  w a t e r  d r a in a g e  f r o m  t h e  
s a n d y  in t e r f lu v e s  ( F i g .  2 ( c ) )  m ig h t  s u s t a in  w o r t h w h i l e  w e l l  y i e ld s .
3 4 .  I n i t ia l l y  it  w a s  b e l i e v e d  th a t  th e  c o a r s e r  s a n d  a n d  g r a v e l  a t  d e p t h  w a s  
f a ir ly  w id e s p r e a d  a n d  it w a s  d e c i d e d  t o  t e s t  p u m p  t h is  f o r m a t io n  f ir s t  a n d  
t o  in v e s t ig a t e  t h e  o v e r l y i n g  f in e r  g r a n u la r  s e q u e n c e  s u b s e q u e n t l y .  A  d u a l ­
c o m p l e t i o n  p r o d u c t i o n  w e l l ,  a b s t r a c t in g  w a t e r  f r o m  b o t h  l e v e l s ,  w a s  c o n s id e r e d  
b u t  w a s  r e je c t e d  o n  g r o u n d s  o f  t h e  c o s t  a n d  d i f f i c u l t y  o f  c o n s t r u c t i o n .
3 5 .  T h e  p r o d u c t i o n  b o r e h o l e  w a s  s u c c e s s f u l l y  c o m p l e t e d  in  t h e  c o a r s e r  
s a n d  a n d  g r a v e l  u s i n g  b r id g e - s lo t t e d  s c r e e n  w i t h  a  g r a v e l  p a c k ,  b u t  s o m e  o f  t h e  
o b s e r v a t i o n  b o r e h o l e s  f a i l e d  t o  e n c o u n t e r  t h e  s a m e  h o r i z o n  a n d  it  b e c a m e  
a p p a r e n t  t h a t  t h e  c o a r s e r  m a t e r ia l  w a s  r e s t r i c t e d  t o  a  l i m i t e d  c h a n n e l  ( F i g .  2 ( c ) )  
o f  p r o b a b l e  N W - S E  t r e n d .  I n  t h e  o b s e r v a t i o n  b o r e h o l e s  c o n s i d e r a b l e  d i f f i ­
c u l t y  w a s  e x p e r i e n c e d  in  e x c l u d i n g  f in e  m a t e r i a l ,  b u t  o n e  w a s  e v e n t u a l l y  c o m ­
p le t e d  s u c c e s s f u l l y  in  t h e  c o a r s e  s a n d  a n d  g r a v e l  w i t h  w ir e - w r a p p e d  s c r e e n .
3 6 . A  p u m p i n g  t e s t  w a s  c a r r ie d  o u t  a n d  s h o w e d  a  l o w  t r a n s m is s i v i t y  v a lu e  
( T a b l e  1 ) w i t h  a  b a r r ie r  b o u n d a r y  b u t ,  d e s p i t e  t h i s ,  e q u i l i b r iu m  w a s  a c h ie v e d  
f o r  a n  a b s t r a c t io n  r a t e  o f  0  7  M l ,'d a y  t h r o u g h  l e a k a g e  f r o m  t h e  o v e r ly in g  s a n d s .  
A  h ig h e r  y i e ld  w a s  a c h ie v e d  f o r  g r e a t e r  d r a w d o w n  a n d  c o u l d  p e r h a p s  h a v e  
b e e n  s u s t a in e d  a l t h o u g h  o v e r a l l  t h e  a r e a  p r o v e d  o f  r e la t iv e l y  p o o r  p o t e n t i a l  
a n d  e x t r e m e ly  d i f h c u l t  t o  e x p l o i t  b e c a u s e  o f  t h e  la r g e  q u a n t i t i e s  o f  s i l t  a n d  f in e  
s a n d  in t e r b e d d e d  a t  n u m e r o u s  l e v e l s  in  t h e  v a l l e y  f il l  s e q u e n c e .
Oona Water, Shanmoy, Co. Tyrone
3 7 .  T h e  O o n a  W a t e r  a t  S h a n m o y ,  6  k m  s o u t h  o f  D u n g a n n o n ,  is  a  s m a l l  
r iv e r  b u t  i t s  v a l l e y  c o n t a i n s  c o n s i d e r a b l e  t h i c k n e s s e s  o f  g r a v e l  ( F i g .  2 ( d ) )  w h i c h  
h a v e  r e c e n t ly  b e e n  i n v e s t ig a t e d  f o r  p u b l i c  s u p p ly .  T h r e e  e x p l o r a t o r y  b o r e ­
h o l e s ,  t o  d o u b l e  a s  o b s e r v a t i o n  b o r e h o l e s ,  w e r e  d r i l l e d  a n d  g iv e n  s h o r t  p e r ­
f o r m a n c e  t e s t s  ( e .g .  E l  in  T a b l e  1 ). A t  t h a t  s t a g e  it  w a s  a p p a r e n t  t h a t  t h e  
u p p e r  a n d  lo w e r  g r a v e l  h o r i z o n s  ( F i g .  2 ( d ) )  w e r e  c o n s i d e r a b l y  m o r e  p e r m e a b l e  
t h a n  t h e  s a n d s  a n d  s i l t s  s e p a r a t in g  t h e m ,  b u t  it  w a s  a n t i c i p a t e d  th a t  t h e  f in e r  
m a t e r i a l s  m ig h t  b e  s u f f i c ie n t l y  p e r m e a b l e  t o  a l l o w  r e c h a r g e  t o  b e  i n d u c e d  t o  t h e  
l o w e r  g r a v e l  a q u i f e r ,  a n d  a  p r o d u c t io n  w e l l  ( W l )  w a s  d r i l l e d  a n d  s c r e e n e d  in  
th i s  f o r m a t i o n .  W h e t h e r  o r  n o t  s u c h  l e a k a g e  o c c u r r e d  c o u l d  n o t  b e  d e d u c e d  
f r o m  t h e  p u m p i n g  t e s t  r e s u l t s  o r  f r o m  c h e m i c a l  a n a ly s i s ,  b e c a u s e  t h e  s i t e  c o n ­
t r o l s  d u r in g  t e s t in g  w e r e  n o t  a d e q u a t e .  T h e  p u m p i n g  t e s t  d a t a  ( T a b le  I a n d  
F ig .  3 )  s h o w  t h a t ,  a l t h o u g h  th e  m a t e r i a l s  h a v e  a  v e r y  h ig h  p e r m e a b i l i t y ,  b a r r ie r
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b o u n d a rie s  a rc  d o m in a n t an d  there  is no  tren d  to w ard s eq u ilib riu m  at high d is­
charg e  ra tes. T h e  successive b a rrie r  b o u n d a ry  e lïects a re  caused  by the  cone  o f 
d ep ress io n  reach in g  the edge o f the gravel channel o r  the valley sides, w hich are 
co m p o sed  o f  re la tive ly  im p erm eab le  T riassic  s ilts toncs a n d  fine san d sto n es.
38. It w as co n clu d ed  th a t, a lth o u g h  well W l is cap ab le  o f  a b s trac tin g  w ater 
fro m  th e  low er gravel a t a h igh  ra te , it d raw s o n  restric ted  u nderflow  and 
s to rag e  since recharge  from  the riv er is lim ited  by the slow  ra te  o f  vertical 
leakage , an d  the  well is th ere fo re  un likely  to  p ro v id e  the  4 -5  M l;d ay  requ ired  
perenn ially .
39. T h e  g ra in  size d is tr ib u tio n  curves fo r the u p p e r gravel suggest th a t its 
pe rm eab ility  will be o f  the  sam e o rd e r as th a t o f  the low er gravel. T he  u p p er 
gravel is in h y d rau lic  co n tin u ity  w ith  the  river an d  su itab le  co n d itio n s  therefo re  
exist fo r an  in d u ced  recharge  schem e. T w o  difficulties ex is t; first, because  the 
u p p e r gravel is re la tively  th in , a  co n v en tio n al well w o u ld  no t be deep en o u g h  
to  p ro v id e  fo r an  a d eq u a te  screen  length  a n d  sufficient d raw d o w n  fo r a useful 
a b s tra c tio n  ra te  a n d  second , there  is no  in fo rm a tio n  on  the  d ro u g h t flows o f  the 
O o n a  W ater.
40. T h e  fo rm er difficulty  co u ld  p e rh ap s  be ov erco m e by the  in s ta lla tio n  o f  
a well p o in t system  o r  by use o f  a sim ple  co llec to r, bu t the  la tte r  is m o re  serious, 
especially  as th ere  is very lim ited  w a te r  s to rag e  in the  u p p e r gravel. H ow ever, 
it is believed th a t th e  flow o f  th e  O o n a  W ater plus the  u p p e r gravel th ro u g h flo w  
w ould  n o t fall below  9 M l/d ay  fo r a p eriod  o f  m o re  th a n  30 days, a lth o u g h  th is 
needs co n firm atio n .
41. C u rre n t reco m m en d a tio n s  a rc  th a t the  u p p e r gravel sh o u ld  Ik  c.xplored 
fo r an  induced  recharge  schem e th ro u g h o u t the  year an d  th a t the  ex is ting  low er 
gravel p ro d u c tio n  well sh o u ld  be used as a s ta n d -b y  in d ro u g h t.
Contractual organization
42. T o  econom ize  on  d rilling  costs there  is o ften  p ressu re  fo r ex p lo ra to ry  
bo reh o les  to  d o u b le  as p u m p in g  test o b se rv a tio n  b o re h o le s ; th is can  be u n ­
sa tis fac to ry  because th ey  will o f  necessity  have to  be co m p le ted  befo re  the  
geology o f  the  site is a d eq u a te ly  investiga ted  an d  the  precise  ob jec ts o f  the 
p u m p in g  test a re  estab lished . A n o th e r  p ro b lem  is th a t the  cost o f  efficient well 
screen  is u su a lly  consid ered  to o  h igh fo r use in o b se rv a tio n  b o reho les. In  in ­
duced  rech arg e  schem es there  is p ressu re  to  p u t tria l p ro d u c tio n  wells c lo ser to  
the river th an  is d esirab le  fo r in v estiga tion , in the  in te rest o f  m axim iz ing  specific 
cap ac ity  QJs.
43. S ta n d a rd  p u m p in g  test p ro ced u re s  ten d  to  be cu m b erso m e  an d  th ere  
m ay  be conflict betw een the  need to  investiga te  the  aq u ife r  an d  the need to  
estab lish  the  well characte ris tics . F o r  the  h y d ro lo g ical p u rp o se  a 24 h o u r  test 
m ay  in som e c ircu m stan ces suffice, w hereas in o th e rs  it m ay be d esirab le  to  
co n tin u e  steady  p u m p in g  fo r 10-20 days. A bove  all flexibility  is req u ired  w ith  
the  scope to  m od ify  test p ro ced u re  sh o u ld  c ircu m stan ces d em an d .
44. T he  o rg a n iz a tio n a l lim ita tio n s th a t m ay  p re ju d ice  sy s tem atic  inv es tig a ­
tio n  can  be m inim ized by  p ro ceed in g  in d istinc t c o n tra c tu a l stages. T h e  first 
stage  includes e x p lo ra to ry  d rilling  a n d  sam p lin g , the  e x p lo ra to ry  b o reh o les  
genera lly  being  lined  so  as to  perm it co llection  o f  reg ional w ater-level d a ta . 
T h e  second  stag e— the  m ost c r i t ic a l-  includes the  c o n s tru c tio n  o f  trial p ro ­
d u c tio n  wells, p u m p in g  test o b se rv a tio n  b o reh o les an d  any  o th e r  in s ta lla tio n s
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such as d riven  p iezom eters o r tem p o ra ry  river gauging  s tru c tu re s  req u ired  for 
aq u ife r testing . T h e  in te rv al betw een  these  tw o stages can  be as little  as a 
m o n th  but d epends o n  such facto rs  as n eg o tia tio n s fo r land  acq u isitio n  o r 
access, the delivery  tim e on  well screen , the  a m o u n t o f  d a ta  to  be p rocessed , 
la b o ra to ry  testing  a n d  the  tim ing  req u irem en t fo r the p u m p in g  tests. F u rth e r  
dev elo p m en t, as the final stage, can  follow  any  tim e a fte r th e  analysis o f  the  
resu lts  o f  the  second  s ta g e ; ad d itio n a l p ro d u c tio n  wells o r  in s ta lla tio n s  w ould  
no rm ally  be sub jected  to  som e p re -p ro d u c tio n  testing.
Conclusions
45. In v estig a tio n s in U lste r have show n  th a t u n d e r su itab le  co n d itio n s  U K  
valley gravels can  be developed  to  p rov ide  low -cost w a ter supp lies , p a rticu la rly  
w here in d u stria l d em an d s o f  a b o u t 10 M l/d ay  exist. In duced  recharge  in s ta lla ­
tio n s a re  freq u en tly  useful as a lte rn a tiv es to  river in tak es fo r sm all to  m o d era te  
supplies. In  ad d itio n  to  low er cap ita l a n d  ru n n in g  costs, such schem es have 
the  ad v an tag e  o f  u tiliz ing  n a tu ra l s to rag e , a lbe it lim ited .
46. T he  n a tu ra l co m plex ity  o f  the  valley fill en v iro n m en t freq u en tly  m akes 
it e conom ica lly  o r  physically  im p ossib le  to  c a rry  o u t a to ta l hydrogeo log ica l 
e v a lu a tio n , bu t w ith  flexible c o n tra c tu a l a rra n g e m e n ts  an d  m o d ern  h y d ro - 
logical tech n iq u es (especially  c o n tro lled  p u m p in g  tests) it is usua lly  possib le  to  
o b ta in  sem i-q u an tita tiv e  estim a tes  on  the  n a tu re  o f  the reso u rce  a n d  its p r in ­
c ipal c o m p o n e n ts  (in duced  river-bed  rech arg e, a q u ife r  u nderflow  an d  sto rag e) 
an d  th u s to  p lan  fo r logical dev elo p m en t.
47. In  the  U K  as a w hole , ind u ced  rech arg e  schem es have received little  
a tte n tio n  an d  m erit c o n sid e ra tio n  w here  su itab le  geological e n v iro n m en ts  
cxist.^® In U lste r, o th e r  valleys w o rth y  o f  fu r th e r  in v estig a tio n  include  th o se  
o f  the  F au g h an . C o . L o n d o n d erry  a n d  M ain , C o. A n trim , w here  p re lim in ary  
stu d ies have in d ica ted  the  presence o f ex tensive d ep o sits  o f  th ick  gravel. S u it­
ab le  co n d itio n s  a re  n o t co n fined  to  U lste r a n d  it m ay  be th a t valley gravels 
co u ld  Ik  developed  in reg ions w hich p rev io u sly  have no t been co n sid ered  as 
g ro u n d  w a ter p rov inces.
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D I S C U S S I O N  
O F  P A P E R S
D I S C U S S IO N  O F  ' 'H y d f a u l i c s  o l  ShcctliWe s o l u t i o n  Cavi- 
t i c * / '  by G era ld  K. M o o r e ,  J u l y - A u g u j t  I j j u e ,  p p .  4 1 1
b y  S .S .D .  F o i t c r .  D .S c .-C .Eng.,  Mice M iw e ,  a n d  M ich a e l  
Pr ic e . M.Sc .,  I n s t i t u t e  of  G eo lo g ica l  S c ience* . H y d r o g e o ­
logical  D e p a r t m e n t .  E x h i b i t i o n  R o a d .  L o n d o n  S W 7  2 D E  
U n i t e d  K in g d o m
G era ld  K. .Moore d iscussed  th e  h y d r a u l i c  b e h a v i o u r  
o f  th e  s h ec t l ik e  s o lu t i o n  cav it ies  t h a t  c o n d u c t  g r o u n d  w a t e r  
an d  s u p p ly  wel ls  in th e  T e n n e s s e e  l im e s to n e s .  It  w a s  m o s t  
e n c o u ra g in g  to  sec s o m e  q u a n t i t a t i v e  w o r k  o n  f i ssu re  
h y d r a u l i c * - a  m u c h  n eg lec te d  to p i c  in g r o u n d - w a t c r  h y ­
d r o lo g y .
In t h e  U n i t e d  K i n g d o m ,  f i s su rc - f lo w  d o m i n a t e s  
g r o u n d - w a t c r  m o v e m e n t  in  t h e  p r in c ip a l  a q u i f e r s ,  an d  
re c e n t ly  s o m e  a t t e m p t s  hav e  b e e n  m a d e  to  e v a lu a t e  t h e  
h y d r a u l i c s  o f  t | ic C h a lk  a n d  P e rm o-T r ia s s ic  S a n d s t o n e s  a t 
r e s ea rc h  p u m p i n g  te s t  sites  in East  Y o r k sh i r e  a n d  W e s t m o r ­
la n d  res p ec t iv e ly .  I t i e s e  will  b e  p u b l i sh e d  in  d u e  c o u r s e  
( F o s t e r ,  e t  al .:  L o v e lo ck ,  e t  c/ . .  in p r e p a r a t i o n ) .  In v e s t i g a ­
t i o n s  have  b e e n  b ased  o n  p u m p i n g  te s t s  w i th  p u r p o s e - d r i l l e d  
o b s e r v a t io n  b o r e h o l e s  s u p p l e m e n t e d  b y  g e o p h y s i c a l  b o r e ­
h o le  f lo w  in v e s t ig a t ion s  ( T a t e . e r  *i/.. 19 7 0 ) ,  in si tu  t e lev i s io n  
in s p e c t io n  o f  geo lo g ica l  f e a t u r e s ,  l a b o r a t o r y  c o r e - a n a ly s i s  
f o r  i n t e r g r a n u la r  p r o p e r t i e s ,  c o n v e n t io n a l  f o r m a t i o n  logging , 
ana ly s is  o f  n a t u r a l  g r o u n d  w a te r  level f l u c t u a t i o n s  as w e l l  as 
c o n s id e r a t io n  o f  t h e  h y d r a u l i c s  o f  ideali sed  f is sure s . In  b o t h  
t h e  f o r m a t i o n s ,  smal l o p e n in g s  ( 0 .1 - 1 0  m m )  o n  n e a r  ho r i -  
a o n t a l  d i s c o n t in u i t i e s  r e l a te d  t o  b e d d in g  are  b e l ie v e d  f r e ­
q u e n t l y  t o  m a k e  th e  p r in c ip a l  c o n t r i b u t i o n  t o  h y d r a u l i c  
c o n d u c t i v i t y .
We agree  t h a t  c o n s id e r a t io n  o f  t h e  h y d r a u l i c s  o f  
id eali sed  f is sure  s y s t e m s  c a n  e x t e n d  th e  p h y s ic a l  u n d e r ­
s ta n d in g  o f  t h e  f o r m a t io . t  c o n s t a n t s  d e t e r m i n e d  f r o m  
p u m p i n g  te s t s  b u t  w o u ld  sugges t t h a t ,  p a r t i c u l a r ly  w h e n  a 
k n o w le d g e  o f  t h e  n u m b e r  o f  leve ls  o f  f lo w  (N )  is av a i lab le ,  
ex p r e s s io n s  o f  th e  t y p e
T  ■ • Nb* o r -  T  •  • T b *
12*r \ 2 v
a re  m o r e  a p p r o p r i a t e  ( s y m b o l s  as uv cJ  b y  M o o r e ) .  C a u t i o n ­
a ry  p o in t s  to  b e  n o t e d  are  t h a t  such  e q u a t i o n s  r e f e r  to  
pa ra l le l -s ided  s m o o t h w a l l e d  o p e n in g s .  S h a r p  an d  .Maini 
( 1 9 7 2 )  have  s h o w n  th a t ,  in  L ib o r a to r y  te s t s  o n  i r r e g u la r  
a n d  r o u g h - fa c e d  fi ssures  o f  o p e n i n g  Ü.2-1 .5  m n i .  t h e  
e x p o n e n t  o f  b  v»as r e d u c e d  s ig n i f i can t ly  b e l o w  3, ev e n  fo r  
l a m in a r  f low .
S im ila r  c a u t i o n  m u s t  b e  ev c rc i s c d  in  a p p l y in g  
R e y n o l d ' s  X u m b c r  c r i te r ia ,  as ih v  ir.»ns:t ion  f r o m  l a m in a r  to  
t u r b u l e n t  f lo w  m a y  ta k e  pla ^e  al w id e ly -v a ry ing  Nj^ va lues ,  
d e p e n d in g  o n  th e  i i r c g u l i r i iy  o f  t h e  f i 'w ircs  .and r o u g h n e s s  
o f  t h e  f issure  w a lls .  It mav b e  n u p o w ib le  to  s e lec t  w h e n  
th e  rel ief  o f  th e  sur t. ic e  rmigiincvs  ap p ro . i c h e s  t h e  m a g n i t u d e  
o f  t h e  f issure o p e n in g .
Wc f in d  It d i f f i c u l t  t o  u n d e r s t a n d  w h y  M o o r e  se le c ts  
a non -c i rcu i . i r  c o n d u i t  r a t h e r  t h a n  a pa ra l le l -p la t e  o p e n i n g  
as th e  m o d e l  fo r  his R e y n o l d ' s  N u m b e r  c a lc u la t io n s ,  
p a r t i c u l a r ly  as h e  t h e n  se le c ts  a va lue  o f  N(]  g en e ra l ly  
c o n s id e r e d  m o r e  a p p . c p r i a t e  fo r  th e  l a t t e r  t h a n  th e  f o r m e r .  
.Neverthe le ss  th i s  w o u ld  o n ly  m o d i f y  his  f o r m u l a  fo r  th e  
c r i ti c a l d i s c h a r g e / r a d i u s  re l a t i o n sh ip  u n d e r  c o n d i t i o n s  o f  
r ad ia l  f lo w  t o
Qc = 2000 i: T ç V.
We also  c o n s id e r  his  su b jec t iv e  a r g u m e n t  f o r  th e  
gene ra l  p r e s e n c e  o f  l a m in a r ,  r a t h e r  t h a n  t u r b u l e n t ,  f low  in 
th e  cav i t i e s  h e  c o n s id e r e d  to  b e  a w e a k  o n e  an d  w o u ld  
p r e f e r  to  see  th is  p r o v e d  th r o u g h  s t u d y  o f  t h e  a b s t r a c t i o n  
( ( ^ / o b s e r v a t i o n  b o r e h o l e  d r a w d o w n ( s )  r e l a t i o n s h i p  d u r in g  
a s t e p  te s t .  If th i s  r e l a t i o n  is s t r i c t ly  l in ear ,  a n  o ve r  all 
l a m in a r  f l o w  reg im e  is co n c lu s iv e ly  d e m o n s t r a t e d ;  if, in th e  
a b s e n c e  o f  h y d r a u l i c  b o u n d a r i e s ,  d e p a r t u r e s  f r o m  l in ea r i ty  
o c c u r  fo r  la rge  Q , a t u r b u l e n t  c o m p o n e n t  o f  f lo w  is im p l ie d .  
F o r  e x a m p l e  In e s o n  ( 1 9 5 7 )  r e p o r t e d  t h a t ,  a t  a s i te  in the  
C h a l k  o f  H e r t f o r d s h i r e ,  t u r b u l e n c e  w a s  p r e s e n t  26Ü m e t r e s  
f r o m  a p u m p i n g  wel l a b s t r a c t in g  1 2 0  l i t r e s /sec .  O n  th e  
o t h e r  h a n d  in th e  s a m e  f o r m a t i o n  at a s it e  in Eas t  Y o r k s h i r e ,  
F o s t e r ,  e t  a l.  ( in  p r e p a r a t i o n )  s h o w e d  s t r i c t ly  l a m in a r  Q-s 
re s p o n s e s  in o b s e r v a t io n  b o r e h o l e s  s i t u a t e d  1 2 0 - 3 7 0  m e t r e s  
f r o m  a p u m p i n g  wel l a b s t r a c t in g  u p  t o  9 0  l i t r es /sec .
R e f e r r in g  t o  M o o r e ’s F ig u re  6 .  it  is o b v io u s  t h a t  t h e  
lirie d r a w n  has  t h e  m i n i m u m  poss ib le  s lo pe  a n d  c o u ld  
a l m o s t  h av e  b e e n  d r a w n  t h r o u g h  th e  o r ig in .  Urvdc: t h e  l a t t e r  
c o n d i t i o n  s \y  C Q ’ , im p ly in g  th e  a l m o s t  t o t a l  a b s e n c e  o f  a 
l a m in a r  f l o w  c o m p o n e n t !  In p r a c t ic e  th e  f o r m  o f  
aga ins t  Q  p lo t s  is n o r m a l ly  linear  o n l y  f o r  s m al l  Q  in 
f i s su red  f o r m a t i o n s .  F o r  la rger  Q  th e  s lo p e  f r e q u e n t l y  
inc reases  t o w a r d s  t h e  ver t ica l as t h e  p u m p i n g  w a t e r  level 
falls b e l o w  success ive  g r o u n d - w a t c r  e n t r y  levels , s in ce  
in c reas ing  s\y  t h e n  has  n o  f u r t h e r  e f f e c t  o n  t h e  c o n t r i b u t i o n  
f r o m  th e se  f is sures .
It is h o w e v e r  c lea r  t h a t  an  im p r o v e d  u n d e r s t a n d i n g  o f  
f i s su re  h y d r a u l i c s  b as ed  o n  th e o r e t i c a l  c o n s i d e r a t i o n s  an d  
m o d i f i e d  in  t h e  li gh t o f  field  ev id en ce  is r e q u i r e d  b e f o r e  
va lues  o f  f o r m a t i o n  c o n s t a n t s  ca n  b e  c o n f i d e n t l y  i n t e r p r e t e d  
fo r  use  in t h e  e v a lu a t i o n  an d  m a n a g e m e n t  o f  t h e  w a t e r  
re s o u r c e s  s to r e d  in  f i s su red  aq u i fe r s .
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I t w a s  p le a s in g  to  s e e  th e  f la g  o f  h y d r o g e o lo g y  w a v in g  in  th e  f ie ld  o f  g r o u n d w a te r  
p o l lu t io n ,  w h ic h  w o u ld  be  a f e r t i l e  a r e a  o f  e n d e a v o u r  fo r  th e  f u tu r e .  H o w e v e r ,  o n e  s h o u ld  
be c r i t i c a l  o f th e  c o n te x t  b e in g  r e s t r i c t e d  to  u n c o n s o l id a te d  f o r m a t io n s  w ith  i n t e r g r a n u l a r  
flow , a s  H u n te r  B l a i r ' s  i n t r o d u c t o r y  r e m a r k s  h a d  s e e m e d  to  s u g g e s t  (p , 62-66),
T a k in g  a  g e n e r a l  v iew  o f th e  m a j o r  B r i t i s h  a q u i f e r s ,  tw o  o f w h ic h  a r e  c o n s o l id a t e d  
f o r m a t io n s  in  w h ic h  f i s s u r e  f lo w  p r e d o m i n a t e s .  T a b le  4 g iv e s  ty p ic a l  r a n g e s  o f  t h e i r  
h y d r a u l i c  p r o p e r t i e s :  i t  i s  t h e s e  w h ic h  q u a n t i t a t i v e ly  d e f in e  'th e  e n t r y  a n d  m o v e m e n t  o f 
p o llu te d  w a t e r .  . . . i n f lu e n c e d  by  th e  i n t e r s t i c e s  o f  th e  g e o lo g ic a l  f o r m a t i o n ' .  N o te  h e r e  
th e  u s e  o f  a l / 500 h y d r a u l ic  g r a d ie n t ,  p u r e ly  to  g iv e  r e a l i s m  in  th e  c o m p a r i s o n  o f  a q u i f e r s .  
T he  f i s s u r e  - f lo w  in  th e  C h a lk  a n d  th e  B u n te r  S a n d s to n e  i s  an  o r d e r  o f m a g n i tu d e  f a s t e r  
th a n  th a t  in  th e  A l lu v ia l  G r a v e l s ,  d e s p i t e  th e  h ig h  c o n d u c t iv i ty  o f  th e  l a t t e r .  T h e s e  
d i f f e r in g  flow  r e g im e s  a l s o  h a v e  a  b e a r i n g  on h y d r o d y n a m ic  d i s p e r s i o n  a n d  s u r f a c e  
a d s o r p t io n  o f p o l lu t a n t s .
G a in in g  k n o w le d g e  o f th is  s o r t  i s  a  s lo w  p r o c e s s ,  p a r t l y  b e c a u s e  o f th e  h ig h  c o s t  o f  
o b s e r v a t io n  b o r e h o le s  a n d  o f  c o r e - d r i l l i n g .  T h e  l o c a l ly  g r e a t  s i g n i f ic a n c e  o f h e t e r o ­
g e n e ity  in  m o d ify in g  th e  h y d r a u l i c  p r o p e r t i e s  w a s  e m p h a s i z e d  in  th e  p o l lu t io n  c o n te x t  w h e r e  
one w a s  m o r e  c o n c e r n e d  to  k n o w  th e  d i s t r i b u t i o n  o f p a r t i c u l a t e  t r a v e l  t im e s  a n d  d i s t a n c e s  
r a t h e r  th a n  f in d in g  th e  a v e r a g e  m a s s - m o v e m e n t  t h r o u g h  th e  f o r m a t io n  a s  a  w h o le .  
H e te r o g e n e i t i e s  w e r e  f r e q u e n t ly  r e s p o n s i b l e  f o r  th e  s u r p r i s i n g l y  e a r l y  f i r s t - a r r i v a l  t im e s  
o b s e r v e d  in  m a n y  f ie ld  t r a c e r  e x p e r i m e n t s .
T h e  m o v e m e n t  o f  p o l lu te d  w a t e r  in  th e  u n s a t u r a t e d  z o n e  c o u ld  s o m e t i m e s  b e  
a s s e s s e d  f r o m  a  k n o w le d g e  o f s a t u r a t e d  v e r t i c a l  p e r m e a b i l i t i e s  fo u n d  in  l a b o r a t o r y  t e s t s ,  
w h ich  a l lo w  f o r  e s t im a t i n g  m a x im u m  d o w n w a rd  flo w  r a t e s  a f t e r  m a k in g  c e r t a i n  a s s u m p t io n s  
a b o u t th e  h y d r a u l i c  c o n d i t io n s .  V e r y  l i t t l e , h o w e v e r ,  i s  k n o w n , e x c e p t  b y  i n f e r e n c e ,  
a b o u t th e  in f lu e n c e  o f f i s s u r e - f lo w  in  th e  u n s a t u r a t e d  z o n e s  o f  th e  C h a lk  a n d  B u n te r  
S a n d s to n e , fo r  e x a m p le .
In  s u m m a r y ,  th e  s ig n i f ic a n c e  o f f i s s u r e - f l o w  in  th e  h y d r o g e o lo g y  o f th e  B r i t i s h  
a q u i f e r s  a n d  t h e r e f o r e  in  th e  p o l lu t io n  o f  t h e i r  g r o u n d w a te r s  s h o u ld  b e  r e c o g n iz e d  a s  
fu n d a m e n ta l ,  b u t  h a s  h a r d ly  b e e n  d i s c u s s e d .
67.
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A Discussion on problems associated w ith the 
subsidence o f  southeastern England
O r g a n i z e d  b y  K. C. D u n h a m ,  F.R.S. a n d  D .  A. G r a y
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U rban influences upon groundwater conditions in Tham es Flood Plain
deposits o f  Central London
B y  D. a . G r a y  a n d  S. S. D. F o s t e r
Hydrogeological Department, Institute o f Geological Sciences,
Exhibition Road, South Kensington, London, S.IV. 7
[Plates 1 to 3]
S tudy of the g ro undw ater in the riverine deposits of the Flood P lain  T errace  o f the  R iver T ham es in 
C entra l L ondon indicates th a t the cu rren t conditions are  d o m ina ted  by m an-m ade influences, p a rticu ­
larly  the u n d erg round  railw ay systems and  the river walls. O p era tio n  of tlie proposed T ham es b a rrie r 
in a half-tide m ode w ould  m odify these influences an d  could lead  to add itional d ra in ag e  problem s and  
a fleet basem ent structures.
I n t r o d u c t i o n
The principles governing the occurrence of groundwater in the flood plain deposits o f rivers are 
well established, but the modifications induced by m an’s long-continued occupancy o f a flood 
plain on the scale of that in London arc not well known. Except where such deposits have been 
developed intensively for water-supply purposes, their groundwater has been considered only 
in relation to excavation and construction problems at individual sites rather than on an overall 
basis.
1 he Thames Barrier Project Groundwater AVorking Party, established by the Greater London 
Council, initiated studies to determine the probable effect o f the construction o f a tidal control 
barrier on groundwater conditions throughout the Flood Plain Terrace upstream o f the proposed 
site in W oolwich Reach. There would be little object in preventing flooding from surface water 
only to bring about a somewhat similar though more gradual and less catastrophic effect by 
raising the groundwater levels in the Flood Plain! The area under examination is bounded on 
the north and south by the outer limits o f the Flood Plain, and to the west by Teddington  
Weir (figure 1 ).
The study programme was divided into several phases. Initially, the distribution and 
lilhology o f  the deposits themselves had to be defined and for this purpose existing data in the 
form o f geological maps and drilling records held by the Institute o f  Geological Sciences were 
adequate. An analysis o f this information has been published (M ather, Gray & Houston 1 9 7 1 ). 
I he second stage was to examine existing data on groundwater quantity and quality, but these 
were insufficient to define the occurrence o f groundwater in detail and a drilling programme had 
to be mounted to meet this need; a total o f 39 boreholes had been drilled up to April 1971. Co­
ordinated facts were required on the construction and condition o f the river walls to identify 
those reaches o f the river where hydraulic communication between the groundwater body and 
the river was possible and mass transfer o f water could take place. These several lines o f approach 
had to be collated to provide an indication o f the overall pattern o f groundwater flow in the 
Flood Plain deposits (Foster 1 9 7 1 ).
Information on the shallow foundation design and basement construction o f the buildings on 
the Flood Plain was also required to ascertain the possible significance o f changes in groundwater 
levels in terms o f increased seepage to drainage installations, new or additional uplift pressures
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on basem ent floor slabs and changes in foundation  stresses. Som e of the m any types of develop­
m ent presently occupying the Flood Plain are shown in figures 2 a ,b ,c  (plates 1, 2 and 3). 
Serious seepage and  stability  problem s occurred in K ing’s C ounty, N ew  York City, when water 
levels rose following cessation of g roundw ater abstraction  after m any decades (Perlm uttcr & 
Soi'en 1963). S im ilar problem s resulting from rising g roundw ater levels on the flood plains of 
the O hio, Mississippi and  M issouri have been avoided by installa tion  o f new or additional 
p erm anen t dc-w atcring  systems (Leggett 1962).
Bermondsey^'
River Thames
C3
T
■4<,
Chiswick ^  < 
Brentford
miles
■ I
Woolwich Reach
^Teddington 
Weir
'A
0 site o f observation 
borehole
----- northern and southern
boundaries of Flood
A-----A lines of section shown Plain Terrace
Y-----V in figure 3a and h Alluvium
area underlain by Brickcarth
permeable strata
! . .
CSü) Flood Plain Gravel
F ig u r e  1. Location  m ap  a n d  d istribu tion  o f Flood P lain  deposits.
M uch of the detail o f the g roundw ater study has been published elsewhere in  a format 
ap p ro p ria te  to the T ham es B arrier investigations (G ray  1969; Foster 1971). T h e  present paper 
is concerned prim arily  w ith  m an ’s role in the recent past in m odifying the n a tu ra l groundw ater 
conditions and  the im plications for fu ture m ajor civil engineering works on the Flood Plain 
T errace .
D i s t r i b u t i o n  o f  t h e  F l o o d  P l a i n  d e p o s i t s
T h e  terraces o f the T ham es have been the subject o f m uch study and  there is an  extensive 
a lthough  scattered lite ra tu re . T he  Flood Plain is o f prim e significance in the present paper and 
the higher terraces arc not considered further. T h e  Flood P lain T errace  is a t the lowest elevation 
and  comprises typically  6 to 18 m of sedim ent of three principal lithologies -  alluvial silts and 
clays, b rickcarth  (locally only, particu larly  in  the west) and  sands and  gravels (figure 3 « and b) : 
it is these la tte r deposits th rough  w hich the principal g roundw ater flow takes place. However, 
the requ irem ent to consider the sa tu ra tion  conditions th roughou t the full thickness o f the Flood 
P lain deposits necessitates consideration o f the relationship o f the g roundw ater in the low 
perm eability , fine-grained m aterials to th a t in  the highly perm eable gravels. O ver m uch of the 
Flood Plain, however, the deposits are overlain by m ade g round, exceptionally up  to 6 m in 
thickness.
T h e  geological history of the Flood Plain deposits was discussed by K ing  & O akley (1936). For 
present purposes, however, it is the ch arac ter o f the deposits themselves ra th e r  than  their 
geological histor>^ w hich is o f im m ediate relevance and  as a first stage in the present study over
( h a y  i(- Foster Fhil. 'Frans. U. Soc. I mikJ. A , volume 272, pi ale I
II,I  R 1 2 .  < )l)li(|iu' aerial p l m m ^ r a p l i s  illuslra tin i' typical liuildini; and  .structures in the lower I l i a  mes Flood 
Plain. (Courtesy .\eroliltiis L td), (a) Kini;s R each -  W estm inster -  W aterloo ( S \ ' Id 120). 1 he narrow  strip  ol 
Flood Plain on the north  bank in the C entra l London area  an d  the ground slope associated with its boundary  
is shown. The IbreKiound includes the artificial lake in St Ja m es’s Park and  the com plex o f historic 
huild ines in W estm inster, whose original foundations and  basem ents in general a re  p ro b ab le  shallow and  thus 
jiotentially  all'ecied by changes in g roundw ater conditions. T h e  m oderti developm ents on the south bank have 
pile Ibundations an d  extensive deep  basem ents an d  subw ays which must in te rru p t the continuity  o f the 
Flood Plain s tra ta . .Much o f the river wall in this a rea  is relatively m odern and  has a deep foundation, nearly, 
or com pletelv. cu ttim ; o lf the gravel stra tum .
i F art m i It. Vt l !)
( h i t y  «( '  h o s i e r F/ i i l .  Tr a i l s .  R .  .Sue I.ni id.  A .  ro l i /nie  2 7  2.  f i l a l e  2
m
F u a ’KR 2 {h). Bermondsey and  Isle of Dogs (S \ ' 997). . \  high proportion  of the total area  has rtK)f- and  paved-eov <-r 
and  artificial surface d rainage. O ld  buildings, p robab ly  w ith shallow foundations an d  sm all basem ents in 
Flood Plain gravel, p redom inate  w ith some m ulti-storey blocks, p robab ly  w ith deep-piled foundations. I In­
var iable rivcr-wall construction of the com m ercial w aterfront and  the large area  occupied by the docks is well 
illtistrated. Fhe railw ay viaduct is a dom inant leattire, but p robab ly  has a shallow foundation and  does not 
cut off the gravel stra tum .
( i r a i /  < ( '  h o s t  et Phil. 'l'raru. R . Soc. l.ond. A , volume 272, {Aate 3
I'k.i Kl  2 , ‘. Kctisiiigioii area  ,S \ ‘ HMIJI). A significam ly higher p roportion  of open space llian in (/»). D om inantly  
terraced houses prohalily  with shallow  foundations and  invariably  with small basem ents in the Flood Plain 
gravel: increasing size of build ing  is probably  accom panied  by increasing dep th  of basem ent, but shallow 
loundations were p robablv  still em ployed.
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1Ü0Ü drilling records were analysed to com pile a series ofisopachytc and structu re  contour maps 
covering the a rea  from  Chiswick to Beckton (M ath er el al. 1971). Five factors arc illustrated.
[a] Thickness of the sand and gravel deposits.
[b) Thickness of the alluvium  and brickcarth .
‘ {c) Contours on the surface of the sand and  gravel.
{d )  C ontours on the surface o f the solid stra ta .
{e) Percentage of sand and gravel in the Flood Plain deposits.
T h e  deposits occupy a shallow, ra th e r flat-bottom ed channel cu t in the underly ing and 
im perm eable L ondon Clay, except in areas ad jacent to the Isle of Dogs w here a faulted anticline 
brings the Low er L ondon T ertiaries (W oolwich Beds and  T h an e t Sand) and  U p p er C halk to a 
subcrop beneath  the Flood Plain deposits (figures 1 and  36). T h e  T h an e t Sand  and Chalk are 
perm eable and  can act as drainage sinks for w ater derived from the overlying riverine deposits 
and from the bed o f the Tham es. T here  is reference in m uch o f the lite ra tu re  to the ‘buried 
c h a iin c r  o f the T ham es and  Dewey & Brom ehead (1921) ind icate  th a t such a channel can be 
traced dow nstream  from Brentford. H owever, analysis o f the drilling  records indicates th a t a 
buried  channel as a single feature of lim ited la teral extent does not exist. I t  is ra th e r a broad, 
infilled channel w ith an  irregu lar base in which subsidiary channels are present. A t several 
locations abnorm al thicknesses o f gravel occur b u t these are considered by M ather, G ray & 
H ouston (1970) to occupy local pipes such as those described by E dm unds (1931) a t Battersea. 
These gravel-filled pipes arc up to 23 m thick b u t they ap p ear to be isolated from one another 
and  do not form a continuous curvilinear feature. T hey  m ay have a com m on periglacial origin 
(H igginbottom  & Fookes 1971).
H y d r a u l i c  p r o p e r t i e s  o f  t h e  F l o o d  P l a i n  g r .w e l s
'Fhe hydraulic  properties of the gravels are im portan t from the present view point and 
availab le  d a ta  have been reviewed and analysed by Foster (1971). T h e  p rincipal re levant proper­
ties are sum m arized  in table 1, b u t sam pling and  testing procedures are  such th a t the values arc
T a u l e  1. P r i n c i p a l  h y d r a u l i c  p r o p e r t i e s  o f  t h e  F l o o d  P l a i n  g r a v e l s
hydrau lic  p roperty
perm eability  dctivcd  from 
in situ pum ping  tests 
w ithout observation 
boreholes
grain  size d istribu tion  
(g.s.d.) o f borehole 
sam ples
perm eability  estim ated  from  
m ean g.s.d. by the I lazcn 
fo rm u lâ t 
specific yield
range of values
0.56-0.81 m* d ay “  ^m~*
1150-1050 gal day-^ ft~* 
(0.055-0.080 cm/s)
typically bi-m odal distri­
bu tion  w ith  m ore than  50%  
of any  given sam ple 
classified as m edium  sand 
(0 .2 - 0 .0  m m ) a n d /o r 
m edium  gravel (6 — 2 0  m m )
1.42 X 10“* m* d a y *  m~* 
2.900 gal day  * ft“*
(0.160 cm/s)
0.14
reference 
Glossop & C ollingridge (1 9 4 8 )
Foster ( 1 9 7 1 )
Foster ( 1 9 7 1 )
Foster ( 1 9 7 1 ) after B cn y  & 
D ean ( 1 9 3 7 )
t  The H azcn  form ula relates to sand and  its use for gravel m ateria l is strictly  outside the range of valid 
application .
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‘order of m ag n itu d e ’ only. No satisfactorily controlled pum ping  tests w ith  ap p rop ria te  observa­
tion boreholes are know n to the authors w ith in  the area under consideration.
T h e o r e t i c a l  r i v e r - g r o u n d w a t e r  r e l a t i o n s
T he' typical relation  betw een the w ater in a river and  the g roundw ater o f the deposits th rough 
w hich it is flowing is illustrated  in figure 4. F luctuation  in the groundw ater level is a  com plex 
function o f several variables o f which the principal are the level of the river, the hydrau lic  
gradients prevailing  in the riverine deposits and  the porosity and  perm eability  o f those deposits. 
In  non-tidal reaches and  a t low-flow stage (figure 4 a ) , the river is effluent, i.e. it is gaining flow 
from the g roundw ater body. A t high river stage the converse occurs and  un d er this influent 
condition  river w ater is recharged in to  the alluvial deposits. T h e  high river stage (figure 46) can 
be caused e ither by flood flows from up land  sources, in w hich case the w ater quality  will be 
fresh, or by tidal conditions in the estuarial reaches w hen saline w ater will be present. U n d er 
tidal regimes, influent and  effluent conditions a lte rna te  in response to the d iu rnal tides and  secon­
dary  g roundw ater tides are generated  having am plitudes and frequencies re la ted  inter alia to the 
tidal regim e o f the river. Analysis o f  these two factors enables the hydraulic  properties o f 
hom ogeneous deposits to be determ ined  w here n a tu ra l conditions obtain .
low stage
high stage
leaking water 
mains and 
sewers
drainage river walls 
high stage paved surfaces
low stage
/  drained /  /  
engineering structure
infiltration from surface
alluvial sill I-------- ] fresh r—:— n saline
and clay h •/..»] ^ |_____ | groundwater |_____ j groundwater  ^
li
freshwater movement 
saline mo\ement
tidal
alternation
F ig u r e  4. D iag ram m atic  re la tionsh ip  betw een the  w a ter in  a  river an d  g ro u n d w ater in  the alluvial deposits, 
(a) N a tu ra l conditions w ith low flow in  the  non-tida l reaches. (A) N a tu ra l conditions w ith  high flow in the 
tidal reaches, (c) M an-m odified  conditions , including river walls an d  river-bed deposition.
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In  the tidal reaches, wedges o f saline w ater can  extend laterally  from the river into the base 
o f the alluvial deposits by v irtue of g rea ter density (figure 46). T h e  position of the interface 
betw een fresh and  saline w ater will be defined by relative densities of the two fluids and the 
hydrau lic  properties o f the deposits. T his situation is fu rther com plicated by variations in the 
d iu rn a l and  m onthly  tidal heights and  salinities and in the rate  of tidal m ovem ents up and down 
the river. Superim posed on the eflects of the d iu rn a l and  lu n ar tidal cycle there will be a  seasonal 
effect w hereby du ring  periods o f low up land  flow, the saline content of the river a t any given 
location m ay increase significantly. In  the T ham es this effect is highly significant (Anon. 1964).
This a lready  com plex flow and  hydrogeochem ical situation has been further modified by 
several o f the m an-m ade factors discussed below.
P r i n c i p a l  e f f e c t s  o f  m a n ’s o c c u p a n c y
A lthough parts o f the Flood Plain o f the T ham es have been occupied since pre-historic times, 
L ondon developed from its original settlem ent on two low hills a round  S t P au l’s C athed ra l and 
the City, and  on a few low er islands, by a process o f em bankm ent and  m arsh reclam ation  on the 
south bank (S tam p 1947). Subsequent large grow th in the low-lying m arshlands becam e possible 
only after the creation  o f d ra inage  systems on a  sufficient scale to modify the n a tu ra l conditions 
significantly. T h e  process was g rad u a l; the installation of the  m ajor low-level sewers and  asso­
ciated  dra inage  works d a tin g  only from the 19th century . P rior to th a t some m inor changes in 
g roundw ater level resulted from m arsh reclam ation and  locally from bridge construction, and 
in the q u a lity  o f  the g roundw ater from the disposal o f organic and  inorganic pollu tants derived 
from dom estic and  industria l sources.
T h e  m edieval L ondon Bridge, for exam ple, is likely to have caused a local m odification to the 
hydraulic  grad ien t. Its construction  resulted in  a  fall in river level across the s tructu re  during  
some states o f the  tide and  the h igher w ater level upstream  is likely to have led to a sm all rise in 
g roundw ater levels in the Flood P lain  deposits un d er the adjoin ing banks. T he  detail o f such 
local effects rem ains speculative, however, and  there are  few facts on early  groundw ater 
conditions w hich can be accurately  identified as to precise location and  elevation. T h e  general 
outlines o f  the g roundw ater flow régim e can be deduced from the geography o f the trib u ta ry  
stream s as these are  likely to have acted as the dra inage  controls.
Since the early  and  m iddle 1800s, however, m an has modified the original w ater balance o f 
the Flood P lain  deposits as well as the g roundw ater conditions in  them  in m any ways; some 
p erta in  to g roundw ater levels and  flow directions, and  others to its chem ical and  bacterial 
quality . T h e  principal factors are discussed below bu t few are  m utually  exclusive and their 
in teractions have locally produced  com plex conditions, particu la rly  as some opera ted  a t 
differing scales in different areas a t d ifierent times and for differing periods.
(i) T he creation o f extensive impermeable surfaces associated with storm water sewers for drain­
age o f both roofs and paved areas. This has virtually eliminated natural infiltration over much 
of the Flood Plain, except in some parks, gardens and other open spaces. Conversely, uncon­
trolled recharge undoubtedly takes place locally through soakaways, leaking drains, high-level 
sewers and water mains, but on the present evidence quantification of this factor is not possible.
(ii) The construction o f more or less continuous river walls which in some reaches reduce or 
eliminate hydraulic continuity between the Flood Plain deposits and the river.
(iii) Engineering construction employing various techniques which may alter the local flow
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net, including the use o f b lanket drains and  the construction o f w ater-tigh t tanked basem ents 
extending into or th rough the sa tu ra ted  gravel.
(iv) Artificial low ering o f the w ater tab le by pum ping , principally  for d rainage b u t occasionally 
for w ater-supply purposes. T he  gravels w ere a source o f w ater, often grossly polluted, for m edieval 
London, bu t have been little used in m ore recent times, either for dom estic or industrial supplies.
(v) R aising the g round surface by the em placem ent of appreciable thicknesses of m ade 
ground (M ath er et al. 1971) and  subsidence due to consolidation o f the  L ondon Clay following 
abstraction of g roundw ater from the Chalk (W ilson & G race 1942). Settlem ent of the Flood 
Plain deposits themselves m ust also have occurred.
(vi) T h e  local m odification of the clim ate in the C entral L ondon area resulting in changes in 
evaporation  and  transp ira tion  rates following elim ination o f n a tu ra l vegetation.
(vii) C ulvcrting  o r d iverting  m ost o f the stream s w hich originally d ra ined  the area (Barton 
1962). R elatively short lengths of these crossed the Flood P lain T errace, b u t they w ere probably  
the base levels to w hich d rainage originally took place and  as such controlled the g roundw ater 
level. I t is likely th a t the  gravels beneath  their courses m ay accept flow preferentially , w here the 
m ore recently induced hydraulic  gradients perm it.
(viii) Since the m iddle o f the 19th cen tu ry  the reduction , if not elim ination, o f the pollution 
which had entered  the deposits before the in troduction  o f m ain sewerage m ay have led to a 
reduced volum e o f recharge into the form ations. This m ay, however, have been offset by leak­
ages from w ater m ains and  sewers.
(ix) V aria tion  o f the chem ical, bacterial and therm al pollution o f the T ham es has in  tu rn  
varied the quality  o f the w ater infiltrating  into the gravel du ring  periods of high river stage.
(x) .\ltc ra tio n  o f the river regim e will have modified the river-g roundw ater relation. For 
exam ple, the constriction o f the river by em bankm ents will have changed the depositional- 
erosional balance and m ay have led to a rise in the height o f tide levels (Bowen 1972, this 
volum e p. 187).
O f  most significance in the riv er-g ro u n d w ater relationship is the construction o f river walls 
w hich partia lly  o r com pletely elim inate hydrau lic  continu ity  betw een the two w ater bodies 
(figure 4 r). O ver sections o f Kings and  L am beth  R eaches, the walls act as to tal cut-offs w ith  their 
footings set in the effectively im perm eable  L ondon C lay beneath  the gravels. Elsewhere, 
however, the walls are founded a t shallow er depths and  hydraulic continu ity  is p robab ly  
m ain ta ined . T h e  s tructu re  o f the walls in the old com m crcial-w atcr fronts is no t know n in  detail 
b u t is extrem ely variab le . T h ro u g h o u t the C en tra l L ondon area, dam aged  an d  deterio ra ted  
sections o f the w all are likely to exist b u t difficult to locate. A n ind ication  o f the cut-off condition 
o f the  river walls th roughou t the present a rea  is given in figure 6. S iltation o f the  river-bed also 
bears on the hydrau lic  continu ity  betw een the river and  the g roundw ater body, b u t has not 
been studied  in detail.
A no ther m ajor m an-m ade m odification o f the g roundw ater flow regim e is the effect produced 
by pum ping  from the deposits in tem porary  o r perm an en t dew atering systems used to p ro tect 
civil engineering structures (figure 4 r). Such abstraction  can  produce significant effects on 
g roundw ater levels and  can  modify the hydrochem ical condition. F or exam ple, 6800 m^/day have 
to be pum ped continuously from the D istrict and  Circle L ine underg round  railw ay to m ain ta in  
effective track  d ra inage  betw een W est K ensington and  T em ple Stations (Foster 1971). T h e  result 
o f this abstraction  is th a t g roundw ater levels over m uch o f the Flood Plain T errace  o f the north  
bank  d ra in  to an  artificial base below river level and  fluctuations are largely dam ped  out.
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O n the present lim ited evidence, artificial recharge into the gravels from leaking m ains and 
sewers (figure 3 r) is of lesser significance than  de-w atering. T he  curren t evidence for such 
recharge has not enabled the volum e to be estim ated even a t an ‘o rder of m ag n itu d e’ level ; this 
factor could be large and  is undoubted ly  one for which a significant allowance should be m ade 
in any  u rb an  w ater balance. T h e  quality  of the w ater w hich gains access to the gravels in this 
way w ould differ significantly from n a tu ra l recharge in th a t it w ould not have infiltrated through 
a soil zone and undergone the a ltera tion  norm ally  produced in th a t zone.
G r o u n d w a t e r  l e v e l s
In  civil engineering p ractice the level and possible fluctuations of the w ater table and the 
piczom etric surface w ith in  th e  site boundaries control elem ents of foundation and basem ent 
design. U n d er n a tu ra l conditions, g roundw ater levels in flood plain gravels can be expected to 
fluctuate in response to three principal causes -  changes in river level including tides, seasonal 
variations in in filtration derived from precip ita tion  and  changes in barom etric pressure. T he 
rap id ity  o f response o f g roundw ater levels to changes in river levels is well illustrated by the tidal 
effect.
In  the alluvial deposits o f tidal rivers the propagation  o f g roundw ater tides is characterized 
by la teral m ovem ent o f sinusoidal waves having a decreasing am plitude and increasing phase- 
lag w ith increasing distance from the river bank. T h e  river wall cut-off in C entral London has 
so modified the n a tu ra l conditions th a t analysis for hydraulic  properties has not yet proved 
possible.
T he  inverse relation betw een change in barom etric  pressure and  change in groundw ater level 
has a lready  been widely o b ser\ed  in th e  present study. In  the m ost sensitive boreholes, the 
effect recorded d u ring  periods o f  rap id  barom etric  change has been up  to 0.3 m  per day. T he 
ra te  o f onset o f the atm ospheric change influences the  response considerably and  accurate 
correction  of levels for this effect is no t feasible. A t times the changes m ay mask fluctuations 
resulting from o ther causes. Foster (1971) discusses g roundw ater fluctuations resulting from all 
causes in detail and  the exam ples given below  have been selected to illustrate the effects caused 
by m an ’s activities.
T h e  hydrographs (plots o f w ater level against time) from five boreholes have been selected to 
illustra te  artificial influences on fluctuations in w ate r levels. T h e  sites o f the  boreholes (B 1, 
B6, B 9, 0 3  and  C 7) are shown in figure 1, and  relevant details in tab le 2. T he  water-level 
recorder charts for the period 10 to 30 Ju ly  1970 have been redraw n to a com m on scale and are 
shown in figure 5 related  to O rd n an ce  Survey D atum  ( o .d . ) .
Several features resulting from m an ’s activities are illustrated . First, the hydrographs can be 
divided in to  those show ing and  not showing d iu rna l o r m onth ly  tidal effects. Secondly, a range 
o f w ater levels w hich extends from 3.3 m below o .d . a t borehole G 3 to  a m ean level o f 0.6 m 
above o .d . a t B 9. T h e  highest tidal response (tidal ra tio  0.30) also occurs in borehole B 9, 24 m 
from the south bank  of the T ham es in  B attersea Park  and  in w hich 2.7 m of gravel lies below the 
bo ttom  of the revetm ent and  the top o f the  L ondon Clay. A t a sim ilar distance from the north  
bank  in Chelsea, borehole B 6 shows a greatly  reduced tidal response (tidal ra tio  0.01), as well as 
having a low er m ean w ater level a t 1.2 m below o .d . T h e  low er tidal response is though t to be 
due p artly  to a  lesser thickness o f gravel available for hydraulic continu ity  and p a rtly  to artificial 
d rainage. T h e  level is held below o .d ., and  two m etres or so below the m ean level in the adjacent
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river, by pum ping  from undcrdra ins beneath  the tracks of tlie D istrict and  Circle Lines. A 
com parable  low level is also seen in borehole B I to the north  of the railw ay and  too rem ote from 
the river to have a tidal response. Som e 0800 rn^/day are abstracted  from various d rainage works 
betw een the W est K ensington and  T em ple S tation. W ithou t these artificial effects the tidal 
response of borehole BO w ould probab ly  approx im ate  to th a t of B 9 and  the w ater levels in 
gravels on the two banks w ould be com parable.
T a b l e  2 . B o r e h o l e  d e t a i l s  a n d  t i d a l  r a t i o s
(i) d ep th  an d  (ii) 
g round  surface 
elevation
distance
from
specified
thickness 
o f gravel 
below wall river
m O.D. bank foundation tid a lt wall
borehole ( 0 (ii) m m ratio construction
10.9 7.4 1250
north
— 0 .0 0 —
n o 10.7 5.Ü 24
north
1.2 0 .01 mass concrete 
an d  sheet piling
nu 7.8 4.4 24
south
2.7 0.30 concrete
revetm ent
C3 12.7 5.0 119
n o rth
0.3 0 .0 0 masonr>--cIad 
mass concrete
C7 10.4 4.0 49
sou th
0 0 .0 1 mass concrete 
an d  sheet p iling
I R a tio  of the fluctuation  o f the g ro undw ater level to th a t o f the  river in the sam e reach.
Sim ilarly  the w ater level in borehole C 3 in the V ictoria  E m bankm ent G ardens was held a t 
2.0 m below o .d . from Ju n e  until O ctober 1909 by pum ping  from perm anen t d rainage works 
a t C haring  Cross S tation . Since th a t d a te  the level has fallen a fu rther 0.0 m and  is now held 
at 3.2 m below o .d ., presum ably  due to add itional, bu t a t present unidentified, g roundw ater 
abstraction . T h e  hydrograph  from borehole C 7, located  on the prom enade o f the South Bank in 
front o f the Festival H all, was also well below o .d . in Ju ly  1970. This was a short-lived condition, 
how ever, re la ted  to the de-w atering  of the foundation  excavations for the N ational T h ea tre  and 
for St T h o m as’s H ospital. U ntil N ovem ber 1909 the m ean g roundw ater level was a t or close to 
o .d . bu t du ring  the de-w atering, w hich lasted for alm ost 12 m onths, it was m ain tained  a t a 
low er level, dow n to 2.4.m below o .d . T his exam ple em phasizes the the necessity of m ain ­
ta in ing  w ater-level observations in studies o f an  u rb an  environm ent for as long as possible and  
generally  for not less th an  a year.
U n d er n a tu ra l conditions, replenishm ent o f the g roundw ater in the gravels takes place by 
infiltra tion  derived from precip ita tion  during  the w in ter and  early spring, w ith  the subsequent 
recession o f g roundw ater levels extending into late au tu m n  or early  w inter. Such conditions 
app ly  in B attersea Park  w here artificial disturbances to the Flood Plain T errace  is m inim al. T he  
m ean level of the boreholes in the Park  declined from 0.85 m above o .d . in  A pril to 0.40 m in 
O ctober 1970. In  boreholes elsewhere the n a tu ra l recessions w ere modified to a  g rea ter or lesser 
extent by the reduction  o f the surface a rea  o f the T errace  deposits exposed by infiltration.
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F i g u r e  6 .  Selected well hydrographs from  10 to 30 Ju ly  1970.
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H y d r o g e o c h e m i s t r y
Lim ited hydrogcocliem ical investigations w ere m ounted to ob tain  a second and  independen t 
source of evidence on the riv er-g ro u n d w ater relation  and on the directions of g roundw ater 
m ovem ent. I t  was apprecia ted  th a t the high cost and  physical difficulties of arrang ing  for 
tem porary  pum ping  from boreholes in an u rb an  environm ent w ould preclude the rou tine 
sam pling essential for the best results. N evertheless, lim ited sam pling was undertaken  and  the 
results have been described by E dm unds (in Foster 1971).
Analysis o f the inorganic constituents in the g roundw ater sam ples generally  showed decrease 
in all dissolved constituents as distance from the river banks increased, although there  were 
some m arked discrepancies. A dditionally , in some em bankm ent areas the possibility o f sm all 
by-pass effects, due to dam aged  walls o r leaking tidal flaps, is indicated . M ore obvious artificial 
effects relate to the locally heavy pollution o f the groundw ater sam ples as indicated  by bacterial 
counts and  nitrogen values.
In  sum m ary, the lim ited hydrogeochem ical w ork corroborates the in terchange of w ater 
betw een the river and the g roundw ater body b u t is no t readily  com patible w ith the concept 
of net mass transfer o f w ater landw ard  from some em bankm ent areas.
G e n e r a l i z e d  g r o u n d w a t e r  f l o w  r é g i m e
< A generalized flow regim e, based on a sum m ation  o f all available d a ta , has been described by 
Foster (1971) and  a simplified d iag ram m atic  represen tation  is shown in figure 6. A p art from the 
influence of the river walls, two principal m an-m ade controls on the flow can  be recognized -  
one on each bank.
O n  the north  bank, the protective d ra inage  works of the D istrict and  Circle L ine cause the 
railw ay to act as an asym m etric curv ilinear sink. A significant p roportion  of the w ater d ra in ing  
to this sink appears to be derived from the Tham es.
O n  the south, the p rincipal d ra inage  appears to be tow ards a  g roundw ater sink w here the 
perm eable T h a n e t Sand  and  U p p e r C halk underlie  the Flood Plain T errace. G roundw ater 
abstraction  from the C halk for w ater-supply  purposes has led to progressive low ering o f w ater 
levels in th a t form ation (B uchan 1938). In  1965 the w ate r level in  the C halk varied from 7.5 m 
above o . d .  at G reenw ich to 7.5 m below in the Isle of Dogs and  to 45 and 75 m  below at 
S tra tfo rd  and  C haring  Cross respectively (R. A. D ow ning, personal com m unication). U n d er 
those conditions g roundw ater from the Flood P lain Gravels and  w ater from the bed o f the 
T ham es, could infiltrate in to  the T h a n e t Sand  and  the C halk ; the high chloride con ten t in 
C halk g roundw ater in the area is not inconsistent w ith this view. T he  possibility th a t the flow 
pa tte rn  in the Flood P lain T errace  south o f the T ham es is also influenced to some extent by flow 
into underd ra in s beneath  the low-level sewers canno t in the au tho rs’ view be entirely discounted.
T h e  significance o f the considerable track-drainage for the D istrict L ine R ailw ay in  the East 
End of London and for the  N ew  Cross B ranch of the M etropo litan  Line has not been exam ined 
in detail.
C o n c l u s i o n s
T h e original concept o f a flood-prevention structu re  across the T ham es included consideration 
o f a fixed barrage  as well as o f a  rem ovable barrier. H alf-tide control o f the rem ovable ba rrie r 
selected for construction has been advocated  to im prove the am enity  in C entral L ondon by
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Figure 6 . G eneralized  g ro u n d w ater flow régim e in the  Flood Plain deposits.
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perm anently  subm erging a t least p a rt o f the in ter-tidal flats. A fixed barrage  w ould have led to 
a rise in g roundw ater levels th roughou t the Flood P lain  T errace, as well as in lower reaches o f 
the Lea V alley. T h e  effect o f half-tide control of the rem ovable b arrie r w ould be sim ilar over 
m uch o f the area. P rediction  of the am o u n t of the general rise in  w ater level w hich w ould follow 
half-tide control form ed an in tegral p a rt o f the study and  has been undertaken .
T h e  results of the study ind icate  th a t the g roundw ater conditions in  the Flood P lain  deposits 
have been and  are  g reatly  influenced by m an. T h e  T ham es b a rrie r to be erected in  the  W ool­
wich R each  could be operated  in such a w ay tha t these influences w ould be modified appreciably . 
I t  follows th a t cu rren t d ra inage  practices m ight require a lteration , th a t m ajor problem s m ight 
arise due to increased uplift on basem ent floor-slabs and  th a t m inor interferences on shallow  
foundation  stresses could occur.
T h e  au thors conclude th a t it is incum ben t upon  the prom oters to determ ine the existing 
conditions and the probab le  effects on those conditions of the proposed m ethod o f operation  o f 
the barrie r (G ray  & Foster 1971). A  fuller understand ing  o f m an ’s influence on the groundw ater 
conditions and the in terac tion  o f ind iv idual influences w ould assist in the  p lanning  and  im ple­
m enta tion  o f m any  future civil engineering activities in the T ham es Valley.
T h e  extensive assistance in  the field and  the office provided to the staff of the In stitu te  o f 
G eological Sciences by the staff o f the D irec to r o f the G rea te r L ondon C ouncil’s D epartm en t o f 
Public H ealth  E ngineering is gratefully acknow ledged. T hanks are  also due to the C hief Civil 
E ngineer o f the L ondon T ran sp o rt Executive for access to records and  to the representatives of 
the several organizations serving on the G roundw ater W orking Party . T h e  paper is published 
w ith the perm ission o f the D irector o f the In stitu te  o f Geological Sciences.
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D I S C U S S I O N
Mr S.  S .  D .  F o ste r, Institu te  o f  Geological Sciences 
O n the  q u estio n  o f  in te rp re ta tio n  o f  the  d a ta  from  
field p u m p in g  tests the  A u th o rs  o f P ap e r 3 m en tioned  
(§ 2 1 ) the  use o f  tran s ien t c o n d itio n  analyses, bu t only 
in cases w here the D u p u it e q u a tio n  is no t justified . 
H as co n sid e ra tio n  been given in civil eng ineering  site 
in v estig a tio n s to  co llecting  full non -eq u ilib riu m  d a ta  
an d  ap p ly in g  such  analyses as a m atte r o f  ro u tin e ?  
T h is is the  p ractice  in hydro log ical w ork . F o r 
exam ple, in the  case o f  valley gravels it is accep ted  th a t 
such m eth o d s a re  useful n o t on ly  in the ev a lu a tio n  o f  
the  p e rm eab ility  o f  th e  fo rm atio n  u n d er investiga tion  
but a lso  in the  h y d rau lic  beh av io u r o f  any  n earby  
b o u n d a rie s , such  as rivers, w hich greatly  m odify  its 
re sponse  to  p u m p in g  w he th er fo r dcw atering  o r fo r 
w a ter supp ly  p u rposes.
D 325. C o u ld  som e o f  the  difficulties m en tio n ed  
(§ 19) in m ak in g  realis tic  assessm ents o f  the req u ired  
size o f  d cw ate rin g  In sta lla tions resu lt from  an  in ad e ­
q u a te  ev a lu a tio n  o f  the  site  co n d itio n s a t the investi­
g a tio n  s tage, ra th e r  th an  a n  in ad eq u a te  ap p ra isa l o f  
th e ir  im p lica tio n s?  Pow erfu l as they  u n q u estio n ab ly  
a re , an a lo g u e  m odels p resum ab ly  are  only  as re liab le  
as the  in fo rm a tio n  on  w hich they  are  based.
D326. T he  im p o rtan ce  o f  paying careful a tte n tio n  
to  the  degree  o f  p en e tra tio n  o f  the pum ping  wells and  
o b se rv a tio n  bo reh o les in re la tio n  to  the p ro b lem  to 
be solved is w o rth  stressing . In  cases w here the  full 
th ickness o f  the  w a te r-tran sm ittin g  fo rm atio n  w as the  
co n ce rn , even 80 %  o b se rv a tio n  bo reho le  p en e tra tio n  
co u ld  lead to  e rro n e o u s  resu lts  sh o u ld  the  fo rm atio n  
co n sist o f  stra tified  san d  an d  gravel deposits  w ith  a 
th in  bed o f  c lean  cobb les a t its base. Such fo rm atio n s  
w ere by no  m eans excep tiona l.
lOS
